
00[

0

c~j FINAL REPORT

RESEARCH AND DEVELOPM-LNT
!N SUPPORT OF THE

NAVY TECHNOLOGY CENTER
FOR SAFETY AND SURVIVABILITY

ook



I

I,
FINAL REPORT

II
RESEARCH AND DEVELOPMENT

* IN SUPPORT OF THE
NAVY TECHNOLOGY CENTER

FOR SAFETY AND SURVIVABILITY

GC-TR-90-1628

DI C
Prepared for L:-- Fl"E

Naval Research Laboratory DEC 1 41990
4555 Overlook Avenue, SW Al

Washington, D.C. 20375-5000

* As Required By
Contract Number
N00014-86-C-2288

Prepared by
GEO-CENTERS, INC.

7 Wells Avenue
Newton Centre, MA 02159

-- October 1990

IG



form 4,oproved

REPORT DOCUMENTATION PAGE ,"B No !04 0788

n nc. 1 MBo - 7 040188

-)V. Su~le ,T4 4 1 C0 a 220, 302 anaoo I t) *f- i w r -.1, a, le - n iC Dr r , ,I , ~ t t' A1rs7'7

1. AGENCY USE ONLY (Leave blanK) 12 .REPORT .,ATF 0 3. REPORT TYPE AND DATES COVERED

26 October 1990 FINAL JULY 1986 - SEPT 1990
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Research and Development in Support of the Navy Technology Center for N00014-86-C-2288
Safety and Survivability

6. AUTHOR(S)

S. Pande, B. Black, R. Matuszko, S. Darrah, J. Watkins, J. Burnett,
L. Isaacson, G. Andrykovitch, M. Tabacco, C. Mitchell, W. Affens, and
J. Schreifels

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATIONREPORT NUMBER

GEO-CENTERS, INC. GC-TR-90-1628
7 Wells AvenueGCT9012

Newton Centre, MA 02159

9. SPONSORING, MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING rMONITORING
AGENCY REPORT NUMBER

Naval Research Laboratory
4555 Overlook Avenue, S.W.
Washington, DC 20375-5000

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTXACT (Maximum 200 words)

This report summarizes the results obtained for the tasks performed in support of the Navy Technology
Center for Safety and Survivability. These tasks address existing Navy problems in the following fuel related
areas: thermal stability, long term storage stability, combustion, and fuel handling. Also in areas of Chemical,
Biological, and Radiological (CBR) defense technology.

Highlights of some of our significant contributi~i. in fuel related problems include the following: 1)
development of an optical method for measuring JFTOT heater tube deposits; 2) development of reliable
accelerated bench scale test methods for ambient storage stability of middle distillate fuels; 3) development of
rigorous and practical criteria for evaluating cetane indices; 4) evaluation of the Shell Premixed Burner; 5)
determination of lubricity enhancer additive depletion in jet fuel during fuel handling/transfer and identification
of those fuels that did/did not contain naturally occurring lubricity species viz, straight chain alkanoic acids; 6)
recommendation that alkalization offers a safer and less costly alternative to biocides; and 7) development of
an in-line fiber optic jet fuel contamination monitor.

In CBR defense technology, some of our valuable contributions include: characterization of the
gases/vapors adsorbed on the collective protective systems filters; and development of a formulation to replace
the standard decontaminant currently employed.

4. SUBJECT TERMS 15. NUMBER OF PAGES
X.Jet fuels, diesel fuels, thermal stability, storage stability, cetane indcxN .ZZ:

combustion quality, compositional analysis, fueL handling, collective 16. PRICE CODE
protection system, and decontamination..

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

1 UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL



GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is important
that this information be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the form follow It is important to stay within the lines to meet
optical scanning requirements.

Block I. Agency Use Only (Leave blank). Block 12a. DistribLtion/Availability Statement.
Denotes public availability or limitations. Cite any

Block 2. Report Date. Full publication date availability to the public. Enter additional
Including day, month, and year, if available (e.g. 1 limitations or special markings in all capitals (e.g. l
Ian 88). Must cite at least the year. NOFORN, REL, TAR).

Block 3. Type of Report and Dates Covered. DOD See DoDD 5230.24, "Distribution
State whether report is interim, final, etc. If Statements on Technical 
applicable, enter inclusive report dates (e.g. 10 Documents."
Jun 87 - 30 Jun 88). DOE See authorities.

Block 4. Title and Subtitle. A title is taken from NASA - See Handbook NHB 2200.2.

the part of the report that provides the most NTIS - Leave blank.

meaningful and complete information. When a
rc=pt is prepared in more than one volume, Block 12b. Distribution Code.
repeat the primary title, add volume number, and B
include subtitle for the specific volume. On DOD - Leave blank.
classified documents enter the title classification DOE Enter DOE distribution categories Iin parentheses. from the Standard Distribution for

Block 5. Funding Numbers. To incluoe contract Unclassified Scientific and Technical

and grant numbers; may include program Reports.

element number(s), project number(s), task NASA - Leave blank.

number(s), and work unit number(s). Use the NTIS - Leave blank.

following labels: I
C - Contract PR - Project Block 13. Abstract. Include a brief (Maximum
G - Grant TA - Task 200 words) factual summary of the most
PE - Program WU - Work Unit significant information contained in the report. I

Element Accession No.

Block 6. Author(s). Name(s) of person(s) Block 14. Subject Terms. Keywords or phrases

responsible for writing the report, performing identifying major subjects in the report.
the research, or credited with the content of the
report. If editor or compiler, this should follow

the name(s). Block 15. Number of Pages. Enter the total I
number of pages.

Block 7. Performing Organization Name(s) and

Address(es). Self-explanatory. Block 16. Price Code. Enter appropriate price

Block 8. Performing Organization Report code (NTIS only).
Number. Enter the unique alphanumeric report
number(s) assigned by the organization Blocks 17. - 19. Security Classifications. Self-
performing the report. explanatory. Enter U.S. Security Classification in

Block 9. Sponsoring/Monitoring Agency Name(s) accordance with U.S. Security Regulations (i.e.,

and Address(es). Self-explanatory. UNCLASSIFIED). If form contains classified
information, stamp classification on the top and

Block 10. Sponsoring/Monitoring Agency bottom of the page.
Report Number. (If known)

Block 11. Supplementary Notes. Enter Block 20. Limitation of Abstract. This block must
information not included elsewhere such as: be completed to assign a limitation to the
Prepared in cooperation with...; Trans. of...; To be abstract. Enter either UL (unlimited) or SAR (same
published in.... When a report is revised, include as report). An entry in this block is necessary if

a statement whether the new report supersedes the abstract is to be limited. If blank, the abstract
or supplements the older report. is assumed to be unlimited.



i Final Report N00014-86-C-2288

n TABLE OF CONTENTS

I
INTRODUCTION ................................................. 1

1.0 JET FUEL THERMAL STABILITY ................................ 1

2.0 NAVAL DISTILLATE FUEL LONG TERM STORAGE STABILITY ...... 4

3.0 LONG TERM STORAGE STABILITY OF JP-5 JET FUEL .............. 6

4.0 FUEL COMBUSTION ......................................... 10
4.1 Ignition Quality of Diesel Fuels .............................. 10
4.2 Combustion Quality of Jet Fuels ............................. 11

5.0 FUEL HANDLING ............................................ 15
5.1 Jet Fuel Lubricity ......................................... 15
5.2 Electrostatic Charging ...................................... 17
5.3 M icrobial Growth ......................................... 18
5.4 Fuel contamination Monitor ................................. 20
5.5 Flash Point .............................................. 21

6.0 CHEMICAL, BIOLOGICAL, AND RADIOLOGICAL (CBR) DEFENSE
TECHNOLOGY ............................................. 24
6.1 Collective Protection ....................................... 24
6.2 Decontamination .......... ............................... 25

n APPENDICES .................................................... 28

r'.7! CfA, i

D ------- ----

I ... ..

GEC-CENTERS, INC.

I''!3 (R ,, '



Final Report N00014-86-C-2288

I INTRODUCTION

In this final report, the results obtained by GEO-CENTERS, INC. for the tasks
performed in support of Naval Research Laboratory (NRL) Contract Number N00014-86-C-
2288 during the period, July 1986 through September 1990 are summarized.

The tasks performed in support of the Navy Technology Center for Safety and
Survivability addressed existing Navy problems in the areas listed below:

1. Jet fuel thermal stability

* 2. Naval Distillate Fuel long term storage stability

* 3. Jet fuel long term storage stability

4. Fuel combustion: ignition quality and combustion quality

5. Fuel Handling: fuel contamination, fuel lubricity, electrostatic charging,
microbial growth, and flash point

6. Chemical, Biological, and Radiological (CBR) defense technology:

a. Collective protection
b. Decontamination

Results from work performed in the areas listed above have been published either
in refereed journals or reported as NRL Memorandum Reports or GEO-CENTERS reports.
Additionally, results were presented in various meetings, including the American Chemical
Society, the International Conference on Stability and Handling of Liquid Fuels, and the
Scientific Conference on Chemical Defense Research. Consequently, in this final report,
following a brief background of each problem area investigated, only the salient results and
conclusions are reported along with a list of the publications/presentations. Copies of the
papers and abstracts of the reports are given for each area in the Appendices.

1.0 JET FUEL THERMAL STABILITY

1.1 Background

New engine designs subject aviation fuels to greater thermal stress thereby increasing
their tendency to form gums and precipitates. The formation of insolubles result in
decreased efficiency of heat exchangers, seizing of control valves, and injector fouling. The

I
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I problem of thermal instability of fuels is exacerbated by the declining quality of petroleum
crudes and the increasing demand for aviation turbine fuel, such as JP-5, by the Navy. The
combination of these factors reflect the importance of jet fuel thermal stability to the Navy.

1.2 Results and Conclusions

In support of this ongoing research program at the Naval Research Laboratory, the
following areas have been investigated and the results given therein:

1.2.1 The effects of stabilizer additives on the thermal stability of a jet fuel using a
modified Jet Fuel Thermal Oxidation Tester (JFTOT) apparatus

The stabilizer additives examined were representative of those commonly used and
included a hindered phenol, a phenylenediamine, an aliphatic tertiary amine (FOA-3), the
same tertiary amine plus a metal deactivator (FOA-310), and a metal deactivator (MDA):
N,N'-disalicylidine-1,2,-diaminopropane. The effects of the additives on the amount of heater
tube deposits were based on the quantities of total carbon found on each tube. Total
carbon was measured by combustion to carbon dioxide using a Perkin Elmer Model 240
elemental analyzer.

I The results of this study, which was conducted at heater tube temperatures of 260,
270, 280,and 310'C indicated, with respect to the neat fuel, that all the additives reduced
heater tube deposits at 260'C. As the stress temperature was increased, only the metal
deactivator, present either alone or as an additive in FOA-310, continued to reduce the
amounts of heater tube deposits. The effectiveness of the other additives decreased with
increase in stress temperature.

1.2.2 Development of an optical method for measuring JFTOT heater tube deposits [as
stipulated in subtasks (f) and (g) of Task 4 of the Contract]

As revealed in a round-robin effort conducted by the Coordinating Research Council
in 1974, the visual method of rating tube deposits (ASTM D3241) is highly subjective.
Consequently, development of an optical method, which uses fiber optic probes,
computerized data reduction, and graphic display, can be considered a major breakthrough.
In a recent evaluation of JFTOT heater tube deposit rating methods, conducted at the Naval
Research Laboratory, the GEO-CENTERS tube rating method was found to correlate well
with the combustion analytical method. The combustion method of measuring total carbon
content, although considered to be most reliable, is a destructive method. In contrast, the
GEO-CENTERS method, which is based on interferometry, is non destructive. The optical
method can be used as a real time monitor or as a post analysis scanner.

Im
GEO-CENTERS, INC.

2



Final Report N00014-86-C-2288

I When in the real time monitor mode, in situ measurements of the thickness of the
film formed on the JFTOT metal heater tube can be made. This monitor has been used
successfully to measure the rate of deposition. In addition, it shows promise as a method
for determining the breakpoint temperature of the fuel. GEO-CENTERS has delivered a
real time monitor to the Naval Air Propulsion Center (NAPC) and to the Naval Research
Laboratory.

During the conduct of these efforts, GEO-CENTERS, INC. has contributed
significantly in the development of a JFTOT heater tube scanner for measuring tube
deposits. The scamier utilizes the same optical components of the real time monitor (fiber
optic probes, light source, and detector) but different software. This new software, which
was also developed by GEO-CENTERS, INC. will operate the analog-digital conversion
hardware and acquire the data, as well as analyze the data. This software is currently being
used routinely at NRL to determine the thickness of the deposit formed along the JFTOT
tube, and hence the volume of deposit.

1.2.3 The Role of Metal Deactivators in Jet Fuels

Metal deactivators (MDA) play a very important role in the inhibition of gum
formation on metal surfaces. Although MDA's exact role has not been definitively proven,
a mechanism that has been proposed is its role as a surface passivator. Our recent results,
however, do not appear to support a surface passivation mechanism. Using three surface
sensitive techniques we have found that, under ideal conditions, MDA was present only at
very low coverages. Su .h small amounts are inconsistent with a surface passivation
mechanism. Much higher amounts would be evident if metal passivation were the operative
mechanism.

1.3 Publications, Reports, and Presentations

I Copies of the following publications/presentations and abstracts of the reports are
included in Appendix Al:I
"Fiber Optic JFTOT Monitor Manual," prepared for The Naval Air Propulsion Center, by
GEO-CENTERS, INC, November 1986.

S. Darrah, "Development of New Optical Methods for Tube Deposit Rating in JFTOT
Procedure," Coordinating Research Council Meeting, Dayton, Ohio, April 23, 1987.

R.E. Morris, R.N. Hazlett, C.L. Mcllvaine III, "Comparison of JFTOT Heater Tube Deposit
Rating Methods for the Evaluation of Fuel Thermal Stability," NRL Memo Report No.
6147, December 29, 1987.

II N
GEO-CENTERS, INC.
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l R.E. Morris, R.N. Hazlett, and C.L. Mcllvaine III, Effectiveness of Selected Stabilizer
Additives in Improving the Thermal Oxidation Stability of Jet Fuel," Preprint Am. Chem.
Soc., Div. of Petroleum Chem., 33, (2), 364, 1988.

R.E. Morris, R.N. Hazlett, and C.L. Mcllvaine III, "The Effects of Stabilizer Additives on
the Thermal Stability of Jet Fuel," Ind. Eng. Chem. Res., August 1988, 27(8), pp. 1524-1528.

R.E. Morris, R.N. Hazlett, C.L. Mcllvaine III, "Comparison of JFTOT Heater Tube Deposit
Rating Methods for the Evaluation of Fuel Thermal Stability," Conference Proceedings, 3rdIi
International Conference on Stability and Handling of Liquid Fuels, London, Vol. 1, pp.
226-239, September, 1988.

R.E. Morris, R.N. Hazlett, and C.L. Mcllvaine III, "Influences Exerted by Selected Stabilizer
Additives on the Thermal Stability of Jet Fuel," Conference Proceedings, 3rd International
Conference on Stability and Handling of Liquid Fuels, London, Vol. 1, pp. 260-267,
September, 1988.

J.A. Schreifels, R.E. Morris, N.H. Turner and R.L. Mowery, "The Interaction of a Metal
Deactivator with Metal Surfaces," Preprints, Am. Chem. Soc., Div. Fuel Chem., 35, (2), pp.
555-562, 1990.

J.A. Schreifels, R.E. Morris, N.H. Turner and R.L. Mowery, "The Interaction of a Metal
Deactivator with Metal Surfaces," ACS National Meeting, Boston, MA, April 22-27, 1990.

J.A. Schreifels, R.E. Morris, N.H. Turner and R.L. Mowery, "The Interaction of a Metal
Deactivator with Metal Surfaces," Annual meeting of the Coordinating Research Council,
Arlington, VA, April 24-26, 1990.

I 2.0 NAVAL DISTILLATE FUEL LONG TERM STORAGE STABILITY

2.1 Background

Naval Distillate (MIL-F-16884H), the primary mobility fuel used in U.S. Navy ships
and boats is frequently stored for several years in strategic reserves. Consequently, its
deterioration in long term storage is of great concern. Insoluble sediment and gum, which
are formed during deterioration, plug fuel system filter separators and engine nozzles
thereby hindering efficient engine operation. In extreme cases, engine shut down has
resulted from this problem.

I

I
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2.2 Results and Conclusions

The two subtasks specified in Task 1 of the Contract were successfully completed and
the results are presented below:

2.2.1 Development of a Reliable Accelerated Bench Scale Test for Ambient Storage
Stability

The results of previous and ongoing storage stability research in support of the Navy's
programs, confirmed the inadequacy of the storage stability specification test, ASTM D2274,
which is an accelerated stress test conducted at 95 0C for 16 hours. For example, it is not
a good predictor of storage stability for freshly refined middle-distillate fuels that contain
catalytically cracked stocks, e.g. light cycle oil (LCO). Also, the stress time of 16 hours

* appears to be too short for many fuels.

GEO-CENTERS, INC. has contributed significantly to the development of the Low
Pressure Reactor (LPR) method which is expected to replace ASTM D2274. Advantages
of this new method over previous methods are its greatly reduced test times and its excellent
precision for replicate samples. Other major advantages include its excellent correlations
with lower temperature bottle tests, its good discrimination of stability between fuels and,I' most importantly, its ability to accurately predict insolubles formation of various fuels during
ambient storage. In addition, the new LPR method appears to adequately predict the
stability of fuels containing LCO, as well as to accurately evaluate the stability additives for
use in mid-distillate diesel fuels.

2.2.2 Recommendations for a New Navy Quality Product List (QPL) for Antioxidant
Additives and Additive Packages Storage Stability Additives for Naval Distillate
Fuels 2'

Based on the results of the -additive qualification program conducted for improving
the long term storage stability of Naval Distillate Fuels for a period of three years at
ambient temperature, two single component additives can be recommended for decreasing
the formation of total insolubles (filterable and adherent gum). These additives include a
tertiary amine containing 100% active ingredient, and a proprietary amine containing 80%
active ingredient. These two additives have been found to be effective in decreasing the
amount of total insolubles of unstable fuels both in bottle tests at 43C for 18 weeks and
65°C for 8 weeks and in the new LPR test method mentioned in section 2.2.1.

2.3 Publications, Reports, and Presentations

Copies of the following publications/presentations and abstracts of the reports are
included in Appendix A2:

II N
GEO-CENTERS, INC.
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I D.R. Hardy. E J Beal, R.N. Hazlett, and J.C. Burnett, "Evaluation of Commercial Stability
Additives f,, Naval Distillate Use," Conference Proceedings, 3rd International Conference
on Stabiltty and Handling of Liquid Fuels, London, Vol. 2, pp. 399-411, September, 1988.

E.J. Beal, D.R. Hardy, R.N. Hazlett, and J.C. Burnett, "Stability Measurements of Military
and Commercial Marine Fuels from a Worldwide Survey," Conference Proceedings, 3rd
International Conference on Stability and Handling of Liquid Fuels, London, Vol.2, pp. 465-
471, September 1988.

D.R. Hardy, E.J. Beal, R.N. Hazlett, and J.C. Burnett, "Assessing Distillate Fuel Storage
Stability by Oxygen Overpressure," Conference Proceedings, 3rd International Conference
on Stability and Handling of Liquid Fuels, London, Vol. 2, pp. 647-658, September, 1988.

E.J. Beal, G.W. Mushrush, J.V. Cooney, and J.M. Watkins, "Chemical Factors Affecting
Insolubles Formation in Shale Derived Diesel fuel," Fuel Science and Technology Int'l, 7(1),
15-31, 1989.

I D.R. Hardy, R.N. Hazlett, E.J. Beal, and J.C. Burnett, "Assessing Distillate Fuel Storage
Stability by Oxygen Overpressure," Energy and Fuels, 3 (1), 1989, pp. 20-24.

I E.J. Beal, D.R. Hardy, and J.C. Burnett, "Assessing Distillate Fuel Storage Stability by
Oxygen Overpressure at Higher Temperatures," Preprints American Chemical Society, Div.
of Petr. Chemistry, Vol. 34, No. 3, pp. 654-657, August, 1989.

2.4 Patents

I D.R. Hardy, E.J. Beal, and J.C. Burnett, "Method for Assessing Distillate Fuel Storage
Stability by Oxygen Overpressure," Navy Case No. 70634, May 1989.

3.0 LONG TERM STORAGE STABILITY OF JP-5 JET FUEL

3.1 Background

The declining quality of petroleum feedstocks in recent years has necessitated the use
of more severe refinery processes to produce jet fuel of higher thermal stability and
cleanliness. However, such processing severity removes certain chemical species that inhibit
the formation of hydroperoxides in jet fuel. Because hydroperoxides and related species are
deleterious (e.g. they attack elastomers) maintenance costs are increased. In addition,
down-time of aircraft can ensue, thereby leading to a decreased state of readiness.

I

GEC-CENTERS, INC.
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I The storage stability of a jet fuel is measured by its tendency to form hydroperoxides.
The currently accepted accelerated test method, developed in the third Coordinating
Research Council Round Robin for Accelerated Peroxide Formation in Jet Fuel, has serious
drawbacks. These include the test duration, which is 4 weeks, and its limitation as a Go/No
Go (pass/fail) test. Because of this limitation, this method can neither rank fuels relative
to each other nor differentiate the relative effectiveness of the various antioxidant additives.

The goals of this ongoing research are to develop a rapid and reliable test to rank
fuels by their tendency to form peroxides during storage and to screen various antioxidant
additives.

* 3.2 Results and Conclusions

3.2.1 Development of Reliable Accelerated Test for Determining Chemical Changes in
Various Oxidation Regimes

Recent results indicate that accelerated storage stability tests of JP-5 jet fuels
conducted in vented bottles at 100°C appear promising as an improved and reliable method
for evaluating the long term storage stability of jet fuels. Furthermore, it is felt that
peroxidation of a JP-5 fuel sample stressed at 100'C can be related to ambient storage
conditions. This project is ongoing and future results will be reported in accordance with
contractual requirements.

3.2.2 Development of a Method for Determining the Effectiveness of Anti-oxidants in Jet
Fuels

Current methods for determining peroxide inhibition by phenolic antioxidants involve
preparing the fuel sample with the maximum allowable concentration of an antioxidant (24
mg/L) and subjecting it to accelerated storage conditions, typically at 100'C and 100 psig
oxygen. Aliquots of the fuel sample are removed at intervals of two to four hours and
analyzed for peroxide concentration. The effectiveness of a particular additive is based on
the time it takes to reach the breakpoint of the induction period compared to the neat fuel.

A different approach to measuring additive effectiveness was taken. Since
MIL-T-5624M specifies that peroxide levels in JP-5 fuel shall not exceed 8 ppm, and the
breakpoint, i.e., the point at which the rate of peroxidation dramatically increases, generally
occurs at peroxide levels significantly higher than 8 ppm, it was felt that breakpoint is not
an acceptable criterion for testing additive effectiveness.

GEO-CENTERS developed a method that rapidly differentiates the relative
effectiveness of various antioxidants. Because the method is based on a concentration/
serial dilution technique, the experimental problems associated with either breakpoint or

GEO-CENTERS, INC.
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I induction period rate are of no concern. Furthermore, this method, which is less labor
intensive and significantly faster, measures the effect of the additives at all concentrations
in less than 48 hours. The details of this method were recently presented at the American
Chemical Srociety (August 1990) and published in the corresponding Preprints.

3.2.3 Mechanistic Studies on the Effect of Sulfur Dopants on Hydroperoxide Formation
in Jet and Model Fuels

Hydroperoxides in jet fuels attack elastomers in aircraft fuel systems resulting in leaks
or inoperability of fuel controls. Examination of fuels refined by ditferent processes has
indicated that significantly higher peroxide concentrations exist in fuels which have been

I severely hydrotreated.

It is believed that hydrogenation is responsible for removing natural inhibitors of
peroxide formation. Suci. ,_hibitors include sulfur compounds. In testing this thesis, GEO-
CENTERS has examined the effect of various sulfur compounds on the peroxidation of jet
fuels in model dopant studies conducted under 65°C accelerated storage conditions. Sulfur
compounds which have been found to be effective in reducing/controlling hydroperoxide
formation include thiophenol, n-nonyl thiol, and, to a lesser degree, n-butyl sulfoxide. Those
which appear to promote peroxidation include n-butyl sulfone, n-butyl thiophene, and
benzothiophene. It is interesting to note that the thiols, which appear to be effective as
inhibitors of peroxidation oxidize readily, whereas sulfones which are promoters of
peroxidation are stable at temperatures well above 120'C.

GEO-CENTERS has also contributed in the characterization of the slate of products
formed in the liquid phase oxidation of various sulfur compounds in de-aerated benzene and
in a model fuel (tetradecane).

3.3 Publications, Reports, and Presentations

Copies of the following publications/presentations and abstracts of the reports are
included in Appendix A3:

G.W. Mushrush, R.N. Hazlett, D.R. Hardy, and J.M. Watkins, Jr., "Liquid Phase Oxidation
of Sulfur Compounds," Conference Proceedings from The 2nd International Conference on
Long Term Storage Stabilities of Liquid Fuels, San Antonio, Texas, October 1986, Vol 2,
pp. 512-525.

G.W. Mushrush, R.N. Hazlett, D.R. Hardy, and J.M. Watkins, Jr., "Liquid Phase Oxidation
of Hexyl Sulfide and Dodecanethiol by tert-Butyl Hydroperoxide in Benzene and
Tetradecane," Ind. Eng. Chem. Res., 26, (4), pp. 662-667, 1987.

I
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I J.M. Hall and R.N. Hazlett, "Results of the Third CRC Cooperative Test Program on
Hydroperoxide Potential of Jet Fuels" NRL Memo Report No. 5985, May 21, 1987.

IJ.M. Watkins, Jr., G.W. Mushrush, and R.N. Hazlett, "Reactions Involving Hydroperoxide
Formations in Jet Fuels," Preprints Am. Chem. Soc., Div. Fuel Chem. 1987, 32 (1), pp. 513-
521.

G.W. Mushrush, J.M.Watkins, Jr., R.N. Hazlett, D.R. Hardy, and H.G. Eaton, "Liquid Phase
Oxidation of Thiophenol and Olefins by Oxygen and t-Butyl Hydroperoxide," Preprints Am.
Chem. Soc., Div. Fuel Chem. 1987, 32 (1), pp. 522-529.

G.W. Mushrush, J.M.Watkins, Jr., R.N. Hazlett, D.R. Hardy, and H.G. Eaton, "Liquid Phase
Oxidation of Thiophenol and Indene by t-Butyl Hydroperoxide and Oxygen," Fuel Science
and Technology Int'l., 6(2), 165-183, 1988.

G.W. Mushrush, J.M. Watkins, Jr., E.J. Beal, R.E. Morris, and C.L. Mcllvaine,
"Organo-Sulfur Compounds and Distillate Fuel Stability," Confab 88, August 1988.

G.W. Mushrush, R.N. Hazlett, D.R. Hardy, and J.M. Watkins, Jr., "Hydroperoxide
Formations and Reactivity in Jet Fuels," Conference Proceedings, 3rd International
Conference on Stability and Handling of Liquid Fuels, London, Vol. 1, pp. 294-306,September, 1988.

I J.M. Watkins, Jr., G.W. Mushrush, R.N. Hazlett, and D.R. Hardy, "Hydroperoxide
Formations and Reactivity in Jet Fuels," Conference Proceedings, 3rd International
Conference on Stability and Handling of Liquid Fuels, London, Vol. 1, pp. 307-320,
September, 1988.

J.M. Watkins, Jr., G.W. Mushrush, R.N. Hazlett, and E.J. Beal, "Hydroperoxide Formation
and Reactivity in Jet Fuels," Energy and Fuels, 3, (2), pp. 231-236, 1989.

G.W. Mushrush, E.J. Beal, J.M. Watkins, Jr., R.E. Morris, and D.R. Hardy, "Interactive
Chemical Effects and Instability of Shale Derived Middle Distillate Fuels," in Proceedings
of Twenty-Second Oil Shale Symposium, Dr. James H. Gary, Ed., Colorado School of Mines,
Golden, CO, July 1989.

G.W. Mushrush, J.M. Watkins, Jr., E.J. Beal, R.E. Morris, and D.R. Hardy, "Hydroperoxide
Formation and Decomlosition Pathways and Their Relationship to Jet Fuel Instability,"
Confab 89 (National Fossil Fuel Conference), July 31-August 4, 1989, Laramie, WY.

Ii
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G.W. Mushrush, J.M. Watkins, Jr., E.J. Beal, R.E. Morris, J.V. Cooney, and R.N. Hazlett,
"Characterization of Polar Extracts from Two Petroleum-Derived Fuels," Fuel Science and
Technology International, 7, (7), 931-949, 1989.

G.W. Mushrush, J.M. Watkins, Jr., R.N. Hazlett, B.H. Black, and D.R. Hardy; "Liquid Phase
Cooxidation of Thiophenol and Styrene by Oxygen and t-Butyl Hydroperoxide," Fuel Science
and Technology International, 8(7), 753-767, 1990.

B.H. Black, D.R. Hardy, R.E. Morris, and G.W. Mushrush; "Liquid Phase Oxidation Studies:
Chemical Ionization of Alkyl Ketones in an Ion Trap Mass Spectrometer," Fuel Science and
Technology International, 8 (9), 935-945, 1990.

B.H. Black, S.M. Rosenberg, E.J. Beal, R.N. Hazlett, and D.R. Hardy; "Peroxide Formation
in Jet Fuel by Oxygen Overpressure," Technical Presentation to the Naval Air Propulsion
Center, West Trenton, NJ, October, 1989.

B.H. Black, D.R. Hardy, and E.J. Beal; "Accelerated Peroxide Formation in Jet Fuel,"
Technical Presentation, Naval Air Propulsion Center, West Trenton, NJ, March, 1990.

B.H. Black, D.R. Hardy, and E.J. Beal; "Accelerated Peroxide Formation in Jet Fuel,"
Technical Presentation to the Hydroperoxide Potential Panel of the Coordinating Research
Council, Arlington, VA, April, 1990.

B.H. Black, D.R. Hardy, and E.J. Beal; "Accelerated Peroxide Formation in Jet Fuel by
Conventional and Oxygen Overpressure Methods," Preprints Am. Chem. Soc., Div. Fuel
Chem., 35, (4), pp. 1277-1284, August, 1990.

4.0 FUEL COMBUSTION: IGNITION QUALITY AND COMBUSTION QUALITY

4.1 IGNITION QUALITY OF DIESEL FUELS

4.1.1 Background

An accurate and reliable method of measuring the ignition quality of diesel fuels, i.e.,
cetane number, is important since diesel fuel is the primary mobility fuel used in the U.S.
Navy's ships, and boats as well as in the nation's trucks, buses, etc. For convenience
purposes, most refineries do not use the engine test method for determining cetane number.
Instead, they rely on the calculated cetane index. This is a predictive equation of cetane
number and is based on distillation temperature and density. Continuing revisions of the
calculated cetane index, which include ASTM D976-66, D976-80, and the current ASTM
D4737-87, is indicative of fuel compositional changes. Consequently, there is need for a

II N
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cetane index based on fuel composition rather than on its physical properties. In addition,
there is need for a practical method for evaluating the predictabilities of the various
published cetane indices. The current method, which is based on regression analysis, does
not address the tendency of the cetane index to over/underpredict.

4.1.2 Results and Conclusions

4.1.2.1 Development of a Trial Index Based on Compositional Analysis

l A trial index was formulated based on percent straight chain and branched chain
saturates, and percent monocyclic and dicyclic aromatics. These components were
determined by a combination of HPLC and proton NMR analyses. For the 53 worldwide
survey II fuels examined and from which the regression equation was formulated, the trial
index appear to be a promising predictor of ignition quality. These results are encouraging.

I Consequently, in the establishment of a definitive cetane index based on fuel composition,
the fuel set should contain a larger number of fuels, and their composition should be more
diverse. Furthermore, the predictabilities of this cetane index should be tested on fuel sets
that were not employed in deriving the regression equation from which it was formulated.

4.1.2.2 A Practical Evaluation of Published Cetane Indices

Simple, but rigorous and practical criteria were adopted in evaluating six published
cetane indices. The fuel set examined comprised 63 worldwide survey II fuels with cetane
numbers generally ranging from 45 to 57. Furthermore, the fuel set included only those
fuels that met the application range specified by ASTM D4737-87. The evaluation was
based on % predictability, over-predictability, and under-predictability as defined by the
criteria for predictability. The results indicate that the most recent calculated cetane index,
ASTM D4737-87 exhibited a tendency to overpredict and did not appear to be an
improvement over ASTM D976-80. A modified calculated carbon aromaticity index
(CCAI), which is based simply on density and viscosity, appears promising as a predictor of
cetane number. Since such an equation would be particularly useful in cases of emergency
re-fueling onboard ship, the regression equation, used as the modified CCAI, should be
reformulated based on a larger fuel set with fuels of more diverse composition.

4.2 COMBUSTION QUALITY OF JET FUELS

4.2.1 Background

The combustion behavior of Navy fuels impacts both economically and strategically
on the fleet. For example, the production of soot on the combustion of poor quality fuels
increases the combustor liner temperature. As a result, the life of the combustor liner is

,I N
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decreased thereby increasing the cost of replacement. Also, soot production creates
signature concerns in cases of military defense.

The methods currently available for predicting the combustion performance of
aviation fuels such as JP-5, which is used by the Navy, have been found to be inadequate.
GEO-CENTERS, INC. participated in an ongoing study at the Naval Research Laboratory,
to address the Navy's needs for adequate test methods that will be better predictors of fuel
combustion performance than the current Smoke Point test method, ASTM D1322.
Ongoing research in this area includes the evaluation of bench scale test methods such as
the recently developed Shell Premixed Burner versus the standard Smoke Point as predictors
of combustion performance and the compositional analysis of aviation fuels with respect to
correlation with combustor performance.

4.2.2 Results and Conclusions

4.2.2.1 Evaluation of the Shell Premixed Burner

On behalf of the Naval Research Laboratory, GEO-CENTERS, INC. participated
in Shell's Proof of Concept Exercise to evaluate their Burner. The results of our evaluation
indicated that the concepts on which the Shell Burner is based are both sound and rigorous.
However, there appears to be need for an improved detection system. The use of an eye
response detector (Centronic OSD 50-E) in conjunction with an 11K resistor, which was
recommended by GEO-CENTERS is being adopted by Shell.

More important, however, are the results obtained from a comparative evaluation of
the Shell Premixed Burner and the Smoke Point method based on (a) combustor data and
(b) model fuel components and mixtures thereof.

(a) Based on Combustor Data - The Premixed Burner Number (PMBN), the index
used by Shell as a predictor of combustion performance, exhibited poor
differentiation with combustor performance for three of the nine fuels examined.
This problem is significant since the combustion quality of these three fuels can be
considered as being marginal, and it is precisely such fuels that an improved test
method should adequately differentiate. In addition to these problems, R2 values
derived from linear regression analysis for a limited fuel set suggest no significant
advantage over the Smoke Point method. Finally, based on the limited fuel set
examined, neither method appears to be an adequate predictor of combustor
performance.

(b) Based on Model Fuel Components/Mixtures - The compounds examined were
typical of those found in aviation fuels and included dodecane and decalin
(representative of the straight chain and cyclic saturates, respectively), as well as

GEO-CENTERS, INC
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tertiary butylbenzene and 1-methyl naphthalene (representative of monocyclic and
dicyclic aromatics, respectively). This comparative study is particularly important
since PMBN measurements for known components/model mixtures have not been
reported. For qualitative and quantitative differences in the compound classes
examined, the differentiation in PMBNs was generally less than that of Smoke Point.
Nonetheless, consistent with the literature on the sooting tendency of the various
types of saturates, both Smoke Point and PMBNs indicated a greater sooting
tendency of the cyclic saturate, decalin, vs the straight chain saturate, dodecane (see
also Compositional Analysis, section 4.2.2.2).

In conclusion, based on the fuels and model mixtures examined, the Shell Premixed
Burner Number does not appear to be a better predictor of combustor performance than
Smoke Point. Also, further improvement of the Shell Premixed burner would be necessary
if this method were to replace Smoke Point.

4.2.2.2 Fuel Compositional Analysis

The sooting tendency of fuels has classically been ascribed to its aromatic content.
Nevertheless, the %-aromatics has not been found to be a reliable predictor of combustion
performance. Since saturates comprise the bulk percentage (70-80%) of present day
aviation fuels, in addition to examining the sooting tendency of the monocyclic and dicyclic
aromatics, the sooting tendency of the various types of alkanes, specifically, the branched
and the cyclics, was also examined.

HPLC is a well known and accurate method for determining the %- total saturates,
monocyclic and dicyclic aromatics. However, there is need for a reliable method of
determining the different types of saturates. The use of Gas Chromatography/Mass
Spectrometry, in conjunction with the algorithms as specified in ASTM D2789 and ASTM
D2425 did not appear promising. Techniques which appeared promising include the urea
extraction method for separating the linear from the branched and cyclic alkanes and a
recently published method1 based on refractive index and density for determining the molar
fractions of paraffins and naphthenics. The results of the urea extraction method are
included in this report.

1Nwadinigwe and Okoroji, FUEL, 1990, 69, 340-343.
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I Urea extraction of five NAPC fuels, for which Smoke Point and combustor data are
available2, was performed. Based on the yields obtained in conjunction with GC qualitative
analysis, the urea extraction method for separating linear alkanes appeared to be both
qualitative and quantitative. This was further verified using a model fuel mixture.

4.2.2.2.1 Correlation of Selected Combustor Data with Fuel Compositional Data

On examination of the combustor data, which were available for three Navy aircraft
combustors (TF30, T56, and T53) at various operating conditions, it is readily apparent that
the sooting tendency of fuels is dependent on both the type of combustor and its operating
conditions. Based on Smoke Number data for the T56 combustor, the sooting tendency of
the fuels examined appear to correlate better with compositional data based on the %-
dicyclic aromatics, monocyclic aromatics, and branched/cyclic saturates than with Smoke
Point data or %- total aromatics. Although only five fuels were examined, the diversity in
their compound class composition enabled meaningful comparisons to be made.

Furthermore, the results indicate that, although from a qualitative viewpoint
branched/cyclic saturates soot less than the aromatics, from a quantitative aspect, because
branched/cyclic saturates are present in larger amounts, their contribution to sooting is
important and must be considered. The significance of these results is that the sooting
tendency of the branched/cyclic saturates is based on combustor performance. In view of
these promising results, this investigation on the feasibility of fuel compositional analysis
being an improved predictor of combustor performance should continue. For example, the
compositional analysis of the Shell fuels for which combustor data are available should be
performed.

I 4.3 Publications, Reports, and Presentations

Copies of the following publications/presentations and abstracts of the reports are
included in Appendix A4:

S.G. Pande, "Literature Review of Cetane Number and its Correlations," GEO-CENTERS,
INC., GC-TR-86-1628, May 1987.

S.G. Pande, "Evaluation of Cetane Indices For Marine Fuels," GEO-CENTERS, INC., GC-
TR-1628-1, November 1987.

2 Gill and O'son, "Fuel Effects on Soot formation in Turbojet Engines," AeroChem Report TP-451,
May 1985.Im
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S.G. Pande and D.R. Hardy "Cetane Number Predictions of a Trial Index Based on
Compositional Analysis," Energy and Fuels, 3, (3) pp. 308-312, 1989.

S.G. Pande and D.R. Hardy "A Rigorous and Practical Evaluation of Published Cetane
Indices," Preprints Am. Chem Soc., Div. Pet. Chem., 34 (3) pp. 659-662, 1989.

S.G. Pande and D.P. Hardy "A Practical Evaluation of Published Cetane Indices," FUEL,
9, pp. 437-442, 1990.

5.0 FUEL HANDLING

5.1 Jet Fuel Lubricity [as stipulated in subtasks (a) and (b) of Task 2 of the contract]

5.1.1 Background

The declining quality of petroleum feedstocks in recent years has necessitated the use
of severe refinery processes in order to produce jet fuels of higher thermal stability and
cleanliness. However, such processes, which include hydrotreatment, hydrocracking, and
clay-filtration, remove boundary lubricating species that impart a jet fuel's inherent lubricity.
As a result, jet fuel lubricity has decreased.

Adequate lubricity is necessary to operate and maintain aircraft fuel systems, for as
lubricity decreases, failures of fuel-lubricated components increase. Historically, carboxylic
acid types of corrosion inhibitors were found to increase jet fuel lubricity. Such additives,
which are now called lubricity enhancer additives, are highly effective boundary lubricant
additives. They are based on a dimer of linoleic acid and are mandatory in all U.S. Navy
jet fuels.

I5.1.2 Results and Conclusions

GEO-CENTERS, INC., refined a previously developed method to measure lubricity
enhancer additive concentration in jet fuel. This method has been applied to the following:

e The determination of additive depletion during fuel handling and transfer.
Numerical adsorption constants have also been developed for predicting potential
additive loss during fuel handling operations.

e The quantification of naturally occurring lubricity imparting species. The results
of these analyses indicate a relation between the concentration of base extractable
species and jet fuel lubricity as measured by the Ball-on-Cylinder Lubricity Evaluator

GEO-CENTERS, INC.
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m (BOCLE). In general, lubricity of the fuel increased as its concentration of base
extractable material increased.

m Whereas base extractable species have been characterized as including alkyl phenols
and straight chain alkanoic acids, it is likely that the latter compounds contribute to fuel
lubricity. This supposition is consistent with the fact that such species are known to enhance
boundary lubrication and that most lubricity enhancer additives are based on mixtures of
alkanoic acids.

Finally, this analytical technique has successfully been employed to identify those
fuels that did not contain the alkanoic acid type of lubricity enhancer additive, as well those
that contained insufficient quantities. With respect to naturally occurring base extractable
materials, the technique consistently showed a concentration/lubricity correlation. The fuels
examined comprised a variety of JP-5 jet fuels from different sources. These included fuels
used in a Coordinating Research Council, round robin during development of the BOCLE,
JP-5 jet fuels obtained from storage depots during worldwide fuel survey #2, JP-4 fuel
samples from Wright-Patterson Air Force Base, and, most recently, the JP-5 jet fuel
diagnostics program.

5.1.3 Publications, Reports, and Presentations

Copies of the following publications/presentations and abstracts of the reports are
included in Appendix A5.1:

B.H. Black, D.R. Hardy, and M.A. Wechter; "Determination of Corrosion Inl'ibitor/
Lubricity Additives in Middle Distillate Jet Fuels by Size Exclusion Chromatography," 1 1th

International Symposium on Column Liquid Chromatography, Amsterdam, The Netherlands,
July, 1987.

B.H. Black, D.R. Hardy, and M.A. Wechter; "Analysis of Corrosion Inhibitor Depletion in
Fuel Handling and Storage Systems" 194th National Meeting of the American Chemical
Society, New Orleans, 1A, September, 1987.

B.H. Black, M.A. Wechter, and D.R. Hardy; "Determination of Corrosion Inhibitor/
Lubricity Enhancer Additives in Jet Fuels by Size Exclusion Chromatography," J.
Chromatogr. 437, pp. 203-210, 1988.

B.H. Black, D.R. Hardy, and M.A. Wechter; "Lubricity Properties of Jet Fuel as a Function
of Composition," 9 th Rocky Mountain Regional Meeting of the American Chemical Society,
Las Vegas, NV, March, 1988.
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I B.H. Black, D.R. Hardy, and M.A. Wechter; "The Relation Between Fuel Composition and
Ball-on-Cylinder Lubricity Evaluator (BOCLE) Measurements," Technical Presentation and
Program Review, Naval Air Propulsion Center, West Trenton, NJ, April, 1988.

B.H. Black, D.R. Hardy, and M.A. Wechter; "Lubricity Properties of Jet Fuel as a Function
of Composition," Technical Presentation to the Lubricity Panel of the Coordinating
Research Council, Arlington, VA, April, 1988.

B.H. Black, D.R. Hardy, and M.A. Wechter; 'The Lubricity Properties of Jet Fuel: An
Update on Recent Work," Technical Presentation to the Lubricity Panel of the
Coordinating Research Council, Arlington, VA, April, 1989.

M.A. Wechter, B.H. Black, and D.R. Hardy; "Determination of Mandatory Additive Levels
in U.S. Navy JP-5," Final Report, NRL Contract Report Number N00014-86-M-0247, Naval
Research Laboratory, Washington, DC, 8 November 1988.

B.H. Black, D.R. Hardy, and M.A. Wechter; "Determination and Use of Isothermal
Adsorption Constants of Jet Fuel Lubricity Enhancer Additives," Ind. Eng. Chem. Res., 28,
2, pp. 618-622, 1989.

B.H. Black and D.R. Hardy; "The Lubricity Properties of Jet Fuel as a Function of
Composition: Part 1- Method Development," Preprints of the Division of Fuel Chemistry,
American Chemical Society, 34, 2, pp. 573-580, 1989.

B.H. Black and D.R. Hardy; 'The Lubricity Properties of Jet Fuel as a Function of
Composition: Part 2- Application of the Analysis Method," Preprints of the Division of
Fuel Chemistry, American Chemical Society, 4, 2, pp. 581-588, 1989

B.H. Black, D.R. Hardy, and M.A. Wechter; 'The Lubricity Properties of Jet Fuel as
Measured by the Ball-on-Cylinder Lubricity Evaluator," Preprints of the Division of Fuel
Chemistry, American Chemical Society, 35, 2, pp. 547-554, 1990.

5.2 Electrostatic Charging

I 5.2.1 Background

Whenever a hydrocarbon liquid, such as a jet fuel, flows with respect to another
surface, through a fuel transfer line for instance, an electrostatic charge is generated in the
liquid. The presence of ionic impurities in jet fuels at concentrations as low as a few parts
per million or parts per billion are believed to be responsible for the generation of the
electrostatic charge.

GEO-CENTERS, INC.
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One of the key measurements in the study of the electrostatic properties of jet
aircraft fuels is the measurement of charging tendency. Attempts have been made by the
Coordinating Research Council (CRC) to establish correlations between unexplained
ignitions of fuel fires and the charging tendencies of the fuels that were involved. There are
no specification requirements for the charging tendency of any of the jet fuels. Also,
MIL-T-5624M does not specify the conductivity requirement of JP-5, nor does it specify the
use of static dissipator additives.

5.2.2 Results and Conclusions

A study was conducted by GEO-CENTERS, INC. to determine whether laboratory
filter papers might be suitable as reference filters for the determination of the charging
tendencies of jet fuels as measured in the EXXON Mini-Static Tester. The results indicated
that the filters examined did not generate enough charge to afford repeatable and reliable
measurements. Preliminary results also indicated some correlation between the polarity of
the generated charges and the nature of the filter paper surfaces.

Repeatability of the results has been complicated by variations due possibly to
relative humidity and temperature changes in the laboratory or changes in fuel composition.
In order to ensure accurate flow rate data, which is required to calculate the charging
tendency from the streaming current, a method was devised to make this measurement.

5.2.3 Publications, Reports and Presentations

A copy of the following abstract is given in Appendix A5.2:

W.A. Affens, "Reference Filters for Electrostatic Charging Tendency Measurement of Fuels"
GEO-CENTERS, INC. Report No. GC-TR-87-1628, September 1987.

5.3 Microbial Growth

5.3.1 Background

Most of the problems originating with microbial deteriogens of fuels stored on naval
ships or in land-based tanks have arisen from fungi or sulfate-reducing bacteria. Fungi
contribute to particulate matter and sludge, and sulfate reducers produce fuel soluble
sulfides and sulfur. Both groups of micro-organisms contribute to corrosion. Although the
effects of microbial fuel contamination can be satisfactorily controlled by minimizing the
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presence of water and maintaining the purification equipment, other measures may
occasionally be needed.

5.3.2 Results and Conclusions

In support of the Naval Research Laboratory ongoing programs, GEO-CENTERS,INC. successfully investigated the use of biocides for controlling both fungi and sulfate-
reducing bacteria contamination in fuels. The results are as follows:

5.3.2.1 For controlling fungus, Amorphotheca (Cladosporium) resinae

Three fuel-soluble commercial biocides have been identified. These include the
following: (a) a mixture of dioxaborinanes [2,2'- methyl-trimethylene-dioxy-bis-(4-methyl-
1,3,2-dioxaborinane) and 2,2'oxy-bis-(4,4,6-trimethyl-1,3,2-dioxyborinane)]; (b) a mixture of
isothiazolones (5-chloro-2-methyl-isothiazolin-3-one and 2-methyl-4-thiazolin-3-one); and (c)
a tertiary butylamine pyridinethione.

5.3.2.2 For controlling the growth of a pure culture of sulfate-reducing bacteria and a
mixed culture containing sulfate-reducers in fuel/water test tube systems

Of the previous three biocides evaluated, the mixture of isothiazolones was found

to be effective at the lowest concentration.

5.3.2.3 A safer and less costly alternative to biocides

The disadvantages of using biocides are their cost and the potential hazards to
personnel and to the environment. The results of a recent study indicate a less objectionable
alternative, viz, the alkalization of the aqueous phase in contact with the fuel. In buffered
water/fuel systems, at pH 8.5 and above, fungal growth of A. resinae was inhibited. A higher
pH (9.1) was required to inhibit a common yeast co-contaminant, Candida sp. At similar
pH of 9.0, the growth of both pure and mixed cultures of sulfate-reducing bacteria was also
inhibited. These promising results indicate that major microbial contaminants of fuels could
be controlled in the water bottoms of fuel storage tanks by simply maintaining a high pH.

5.3.3 Publications, Reports, and Presentations

Copies of the following publications/presentations and abstracts of the reports are
included in Appendix A5.3:

G. Andrykovitch and R.A. Neihof, "Fuel soluble biocides for control of fungal contaminants
I in hydrocarbon fuels," In Proceedings of Second International Conference on Long Term

Storage Stabilities of Liquid Fuels, October 1986, pp 352-362.
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G. Andrykovitch and R.A. Neihof "Fuel-soluble Biocides for Control of Cladosporium
Resinae in Hydrocarbon Fuels," J. Industrial Microbiol. 1987, 2, 35-40.

G. Andrykovitch and R.A. Neihof, "Alkalization to Control Microbial Contamination of
Naval Fuels" Presented at the Annual Meeting of the Society of Industrial Microbiology;
SIM News:37:P15, 1987.

G. Andrykovitch and R.A. Neihof, "Control of Sulfate-reducing Bacteria in Hydrocarbon
Fuel Tanks," Biodeterioration Research, 2 61-66, 1989.

5.4 Fuel contamination Monitor (as stipulated in Task 3 of the Contract)

5.4.1 BackgroLnd

The U.S. Navy has need for an accurate and reliable in-line continuous aviation fuel
monitor. Without such a monitor, reduced engine lifetime and performance can result from
the burning of contaminated fuels. The major contaminants in aviation fuels are free water
and solid particulates such as rust, dirt, organic matter, and other debris. Both these
contaminants can be present in varying concentration and (droplet) size.

5.4.2 Results and Conclusions

GEO-CENTERS, INC. developed an in-line fiber optic jet fuel contamination
monitor with real time response and improved accuracy compared to current methods for
free water. The design specifications are given below:

Detectable contaminant concentration: Min: < 2 ppm, Max: > 100 ppm
Detectable contaminant size: Min: - 1p; Max: - 30yu
Response Time: 0.5 seconds
Nominal flow rate range: 0-100 GPM
Pipe Size: 2 inches SCH80
Mounting Interface: 150 lbs ASA B 16.5 standard flanges
Overall Length: 9.5 inches

The monitor determines the concentration of contaminants using the light scattering
technique (both narrow and large angle). It employs fiber optic conduits in conjunction with
solid state laser sources and detectors. Data acquisition and analysis are performed by a
microprocessor.

The fuel contamination monitor has been tested in the GEO-CENTERS handling
system, as well as at the Naval Air Propulsion C,ater (NAPC), and at the Naval Sea
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Systems Engineering Station Separator Test Facility. The results of these tests show that
the monitor performs equally well in flow systems simulating shipboard conditions as in the
static laboratory tests. Furthermore, measurements of contaminant concentrations were
reliable for both water droplets and particulates. A fuel contamination monitor was
delivered to NAPC for long term testing under this contract.

5.5 Flash Point

5.5.1 Background

In view of the dangerous nature of their missions and cargo of munitions, naval
vessels must take extraordinary measures to prevent fires. Uncontrolled fires in the
presence of large quantities of munitions and missile propellants can lead to catastrophe.

Flash point is one of the methods of gauging the relative fire hazard of shipboard
fuels. The flash point of JP-5 jet fuel is controlled by Military Specification, MIL-T-5624M.
This specification limits the minimum temperature for flash point, as measured by ASTM
D93, to 600C (140 0F). The flash point of JP-5 is influenced by the presence of volatile low
molecular weight hydrocarbons. As the concentration of these compounds increases, the
flash point decreases. In general, JP-5 fuel does not undergo chemical changes in which the
flash point spontaneously decreases. Certain fuel handling procedures, however, can, and
do, lead to a decrease in flash point temperature.

I If a Navy aircraft, for example, were fueled during a stopover at an Air Force Base
with JP-4, a fuel for which the flash point temperature is so low that it is neither measured
nor specified, subsequent off-loading of this fuel after landing aboard ship into a JP-5
storage tank will significantly lower the flash point of the fuel stored in the tank. This can
lead to a potentially hazardous situation on board a U.S. Naval Vessel. At present, in many
cases, this hazardous situation is avoided by off-loading the aircraft's fuel into the ocean.

5.5.2 Results and Conclusions

5.5.2.1 Effect of Ullage on Flash Point Using the Pensky-Martens Test Method

For the Navy, GEO-CENTERS participated in a continuing study of the effect of
ullage on lower flammability temperature. A series of lower flammability temperature tests,
using the Pensky-Martens closed cup flash point testing apparatus, were conducted for
various ullage volumes. The fuels examined were JP-5, JP-5 mixed with 5% JP-4, decane
and undecane. These tests showed that as ullage volumes decrease, the lower flammability
temperature decreases, and as the ullage approaches zero, the temperature at which the fuel
vapors ignite can be as much as 7 to 10 'F below the flash point, significantly increasing the
flammability hazard.
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i The effect of equilibrium conditions on the lower flammability temperatures was also
examined using a modified Pensky-Martens flash point apparatus. The Pensky-Martens flash
point apparatus cup was immersed in a constant temperature bath (ethylene glycol/water)
such that the liquid level outside the cup was equal to the level of fuel in the cup. The fuels
examined were JP5, JP5 adulterated with 5% JP4, and decane at 42.5% and 20% ullage.
At 42.5% ullage, the temperature at which the vapors in the ullage space would flash was
determined at equilibration times of 5, 10 and 15 minutes. At 20% ullage, the flash
temperatures were determined at 5, 10, 15 and 20 minutes. The results (see Table 1)
indicate that for the various equilibration times, the flash temperatures of the two ullage
volumes differed only slightly. This is probably due primarily to the formation of
condensation under the lid of the apparatus and possibly loss of light ends (vapor) due to

i leakage around lid/cup seal.

Table 1: EQUILIBRATION TIME vs LOWER FLAMMABILITY TEMPERATURE
(Pensky-Martens)

Equilibration Time Lower Flammability Temp F
Sample (mi) 42.5% Ullage 20% Ullage

5 141 143

JP-5 10 140 143

15 140 140

20 ND 142

5 93 92

JP-5/5% JP-4 10 92 93

i 15 92 94

20 ND 95

5 124 125

Decane 10 124 123

15 126 123
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I 5.5.2.2 Effect of Ullage on Flash Point Using the Setaflash Test Method

A similar experiment was performed using the Setaflash apparatus. The results (see
Table 2) indicate that the small differences in flash temperatures are similar to those
obtained with the Pensky-Martens apparatus; however, unlike the results obtained with the
modified Pensky-Martens, as the ullage decreased, the flash temperatures tend to increase.
This effect is believed to be due to the formation of condensation under the lid of the cup
and possible leakage of vapor past the shutter on the cup lid. To get more meaningful
results from these experiments, a method of heating the lids of the Pensky-Martens and
Setaflash apparatus must be devised to eliminate the condensation that forms on the
underside during long equilibration times.I
Table 2: EQUILIBRATION TIME vs LOWER FLAMMABILITY TEMPERATURE

(Setaflash)

Equilibration Lower Flammability Temp *F
Sample Time (min)1 90% Ullage 60% Ullage 40% Ullage

1 144 148 ND

2 143 146 151

JP-5 4 144 147 151

8 ND 147 151

12 ND ND 151

1 97 100 ND

2 97 98 102

JP-5/5% JP-4 4 98 98 102

8 ND 99 103

12 ND ND 103

1 122 125 ND

2 123 125 131

Decane 4 122 126 131

8 ND 126 130

12 ND ND 130

II N
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6.0 CHEMICAL, BIOLOGICAL, AND RADIOLOGICAL, (CBR) DEFENSE
TECHNOLOGY (as stipulated in Task 5 of the Contract)

6.0.1 Background

The use of chemical and biological warfare (CBW) agents in military combat
operations threatens the lives of the crew and the accomplishment of the mission. Thus, a
vital need exists for adequate collective protection systems to remove chemical warfare
vapors and for effective decontamination of personnel, equipment, and affected areas.

6.1 Collective Protection

6.1.1 Background

The Collective Protection System (CPS) on U.S. Navy vessels currently employs
single-pass adsorptive carbon filters to remove chemical warfare vapors from ventilation air.
Single-pass adsorptive filters suffer from their transient nature since, as they get used, they
lose their ability to filter and thus must be replaced. Because filter elements are expensive,
and failure of an individual element is disastrous, an accurate measure of residual filter
capacity becomes increasingly important.

Predictive methods using mathematical computer models of the system can be quite
good at determining filter change out times. However, variability in the manufacture of
these filters (e.g. differences in adsorbency from lot to lot, differences in packing,
channeling, and/or leaking filters) can compromise the accuracy of the computer
predictions. For this reason, a monitor which gives real-time information on the residual
capacity of a given filter element is an important component in any single pass filtration
system.

6.1.2 Results and Conclusions

6.1.2.1 Filter Life Monitor

Metal oxide semiconductor (MOS) sensors were evaluated for initial use as the
reference sensor in a filter life monitor system. A modification was made to the stock
sensor which stabilized the output and thus enabled it to perform within a concentration
range well below that of previously published specifications. Methyl salicylate, a chemical
agent simulant, was the first challenge vapor calibrated with the modified MOS sensor.
Various challenge profiles have been run with methyl salicylate on ASC whetlerite. The

GEO-CENTERS, INC.
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I results indicate that an imbedded sensor probe can effectively predict a concentration
change in the effluent of the carbon bed.

I 6.1.2.2 External Shipboard Characterization of Gases/Vapors

GEO-CENTERS has been involved in an extensive NRL program to sample, and in
some cases quantify, shipboard atmospheric environments. Weathered carbon samples taken
from the Collective Protection System (CPS) filters used on-board selected Navy ships were
sent to NRL when their filter elements were replaced. In addition, long-term sampling
units, using the same Navy impregnated carbon employed in the CPS systems, were placed
on a number of Navy ships.

Upon removing the samples from the ships, the activated carbon was partitioned into
sections perpendicular to the flow of air through the filter. The CPS filters were segmented

I into three sections representing the inlet, center, and outlet portions of the bed. Filter tubes
from the long-term samplers were broken into four 3/4-inch sections with the excess carbonlumped together into a remainder sample.

From thi7 segmentation, the carbon bed was found to be a dynamic system. Lightly
adsorbed components adsorb onto the carbon but are later displaced by more strongly
adsorbed compounds. This adsorption and displacement produces a chromatograph effect
where the more strongly adsorbed (higher boiling) compounds are found on sections near
the inlet of the bed. Such compounds include C12-C17 aliphatic hydrocarbons and C4
substituted benzenes. The less strongly adsorbed (or lower boiling) compounds are found
on sections near the outlet of the bed. Such compounds include C9-C11 aliphatic
hydrocarbons, C1-3 substituted benzenes, and selected halogenated hydrocarbons.

6.2 Decontamination

6.2.1 Background

GEO-CENTERS has been involved in a Navy program to develop a new
decontamination solution to replace the standard calcium hypochlorite (Ca[OC 2) solution.
Hypochlorite is recognized as the single best detoxifier of the full spectrum of chemical and
biological agents; however, hypochlorite suffers from unacceptable levels of corrosivity. In
addition, using Ca[OC1]2 as the oxidant source creates additional problems such as low
solubility in water, low rate of dissolution in water, and bulk storage problems (i.e., fire
hazard).

Im

GEO-CENTERS, INC.
25



Final Report N00014-86-C-2288

6.2.2 Results and Conclusions

* 6.2.2.1 Formulation Development

A final formulation was developed and recommended to the Navy to replace the
standard decontaminant presently in use. The formulation uses a surfactant for wetting, a
buffer for pH control, and sodium dichloroisocyanurate as the oxidizer. It was found that,
in the laboratory, the new formulation addresses the problems found with the Ca[OC1]2
based decontaminant, while providing the same oxidative strength.

6.3 Publications, Reports, and Presentations

I Copies of the following publications/presentations and abstracts of the reports are
included in Appendix A6:I
L. Isaacson and R.E. Pellenbarg, "Shipboard Atmospheric Monitoring for Collective
Protection Applications," Presented at the 1986 CRDEC Conference on Chemical Defense,
Aberdeen Proving Ground, MD, November, 1986.

R. Matuszko and R. Little, "A System for Evaluating Sorbent Lifetimes", NRL Memorandum
Report No. 6052, Naval Research Laboratory, Washington DC, September, 1987.

R. Matuszko, S. Smidt, J. Shirley, and R. Little, "Component Compatibility and Effectiveness
of Decontamination Formulations", Presented at the 1987 CRDEC Conference on Chemical
Defense, Aberdeen Proving Ground, MD, November, 1987.

R. Matuszko, R. Lamontagne, and L. Isaacson, "Characterization of Weathered Air
Purification Carbons", Presented at the American Chemical Society's 22nd Middle Atlantic
Regional Meeting, Millersville, PA, May, 1988.

R. Matuszko, R. Lamontagne, and L. Isaacson, "Multi-Component Adsorption on Activated
Carbons", Presented at the American Institute of Chemical Engineers' Summer National
Meeting, Denver, CO, August, 1988.

I R. Taylor, S. Smidt, J. Shirley, R. Matuszko, and R. Little, "Decontamination/
Contamination Avoidance Solutions and Materials", NRL Memorandum Report No. 6282,
Naval Research Laboratory, Washington, DC, August, 1988.

R. Lamontagne, L. Isaacson, and R. Matuszko, "Characterization of Contaminated Air
Purification Carbons", Presented at the 1988 CRDEC Conference on Chemical Defense,
Aberdeen Proving Ground, MD, November, 1988, proceeding published 1989, p. 285.

I N
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R. Matuszko, R. Lamontagne, and L. Isaacson, "Dynamic Adsorption Behavior of Collective
Protection Air Filtration Carbons versus a Binary Vapor Challenge", Presented at the 1988
CRDEC Conference on Chemical Defense, Aberdeen Proving Ground, MD, November,
1988, proceeding published 1989, p. 293.

R. Matuszko, D. Friday, R. Lamontagne, and L. Isaacson, "Single and Binary Adsorption of
Low Volatility Organics on BPL Carbon", Presented at the American Institute of Chemical
Engineers' 1989 Annual Meeting, San Francisco, CA, November, 1989.

R. Lamontagne, R. Colton, H. Hoff, J. Rossin, R. Matuszko, and L. Isaacson,
"Characterization of Weathered Carbon Displaying Agglomeration Tendencies", Presented
at the 1989 CRDEC Conference on Chemical Defense, Aberdeen Proving Ground, MD,
November, 1989, to be published in proceedings.

R. Matuszko, D. Friday, R. Lamontagne, and L. Isaacson, "Single and Binary Adsorption of
n-Nonane and Xylene on BPL Carbon", Presented at the 1989 CRDEC Conference on
Chemical Defense, Aberdeen Proving Ground, MD, November, 1989, to be published in
proceedings.

L. Isaacson, R. Lamontagne, E. Riley, and J. Rossin, " Environmental Weathering of a
Radial Flow Carbon Filter," Presented at the 1989 CRDEC Conference on Chemical
Defense, Aberdeen Proving Ground, MD, November, 1989, proceedings to be published in
1990.
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INTRODUCTION

The GEO-CENTERS, INC. fiber optic JFTOT monitor is a micro-

processor controlled instrument which yields reliable real-time

measurements of deposit accumulation rates at multiple tempera-

tures simultaneously. This monitor is used on a standard JFTOT

apparatus with the only modification being replacement of the

standard heater tube holder by one on which fiber optic probes are

mounted. The ends of the probes are flush with the interior

1 surface of the heater tube holder and, therefore, are non-intru-

sive to the fuel flow. Also, the use of optical fibers allows the

location of the electro-optic components at a remote location

eliminating the danger of electrical hazards in the vicinity of

the fuel. The use of optical fibers also leads to sufficient

spatial resolution to provide data on film formation within a

narrow temperature range. Data acquisition and analysis by a

microprocessor leads to convenience of operation and real-time

monitoring.

The optical diagnostic technique employed is based on prin-

ciples of interferometry. Whcn light is reflected from a medium

of refractive index greater than that in which it is traveling it

undergoes a phase change. For the case of thin films deposited on

heater tubes, the refractive index of the film is greater than the

refractive index of air, and the refractive index of the metal is

greater yet. Thus, light reflected from both the front and back

surfaces of the film undergoes a phase change. If the film is

vanishingly thin, the light undergoes a phase change at both

surfaces and because of the short distance traveled in the film,

the two wave trains are almost in phase and interfere construct-

ively, resulting in a maximum intensity in the reflected light.

As the film becomes thicker, the phases of the two emerging wave
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trains become more mismatched. When the thickness of the film is

such that the light travels one half wavelength through it, then

the two waves emerge in opposite phase and the waves destructively

interfere giving a minimum in the intensity of the reflected

light. On further build-up of the film, the waves come back into

phase until a thickness where the light travels a whole wavelength

* through the film resulting in constructive interference and

another maximum in the reflected light intensity. As the film

thickness increases, the reflected light intensity will cycle

between maxima and minima as the thickness is such that the light

travels an integral number of wavelengths or an integral number

plus a half wavelength, respectively.

1- The thickness of the film can then be determined from the

wavelength of the light and the number of cycles observed. The

thickness must also be corrected for the refractive index of the

film and the angle at which the light passes through the film.

the thickness of the film, d, is then given by

I
d=mX

2n cose

where m is the number of cycles observed, X is the wavelength of

the light, n is the refractive index of the film, and e is the

angle from the normal at which the light passes through the film.

In the fiber optic monitor, the wavelength of the light is 0.88

microns, cose is 1.0 and n is 1.6. Therefore, a complete cycle is

observed for every 0.28 microns of film formed.

I2
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OPERATION

The JFTOT equipped with fiber optic monitor is operated in

the same manner as a standard JFTOT apparatus. The only differ-

ence in the two assemblies is the replacement of the standard

heater tube holder with a heater tube holder containing fiber

optic probes. The preparation of the JFTOT apparatus procedes

according to the standard ASTM D3241 procedure through steps

6.6.6. Note that the heater tube must be inserted into the holder

BEFORE the fiber optic probes are connected to the holder. The

fiber optic probes are fragile and should be handled with extreme

I care.

After completing step 6.6.6, perform the following steps.

a. Clean the ends of the fiber optic probes by gently wiping

them with a cotton swab saturated with hexane.

b. Attach the ends of the fiberoptic cables which contain

all seven fibers to the heater tube holder by screwing the connec-

tors onto the mounts on the holder. The connectors should be made

finger tight and then given 1/8 additional turn.

c. Attach the bifurcated ends of the cables to the elec-

tronic unit. The branch containing a single fiber is connected to

the source output and the branch containing six fibers is connec-

ted to the corresponding detector input. The cable which is
connected to position 28 on the heater tube holer (closest to the

fuel inlet) should be connected to source and detector #1 on the

electronics unit and so on up the heater tube holder.

I3

I NBI;:,"."'!/E S NC



Continue with the standard JFTOT procedure from steps 6.6.7

Through steps 7.2.9.

The Start-Up is according to the following procedure:

a. Turn on the computer and insert the operating system

floppy disk which is labelled "MS/DOS" into the top disk drive

(Drive A).

b. The computer now boots and when it finishes the prompt

"A>" appears.

If a new floppy disk is to be used for data storage it must

now be formatted. These disks must be double sided and double

density. Formatting is achieved by placing a disk in the lower

disk drive and typing "FORMAT B:" then press "RETURN" key. A used

disk may be formatted, but any information already on the disk

will be erased. A single disk may be used for several runs, but

it must contain no other information when used the first time.

After formatting, the disk may be left in Drive B.

c. Remove the operating system disk from Drive A and insert

the Acquisition program disk into Drive A.

d. If a Data Storage disk is not already in Drive B, one
should now be inserted.

e. Type "ACQ" and press the "RETURN" key.

f. Turn on the power to the electronics unit.

4N
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The computer provides prompts which the operator follows to

complete the start-up procedure. The first set of prompts ask for

relevant information which identifies the run. The operator types

the replies at the keyboard.

After the run time is entered, the computer checks the avail-

able space on the floppy disk. If it is insufficient, the opera-

tor must replace the disk by a new formatted one. After replacing

the disk press "RETURN". The computer will then return to the

prompts which ask for the run information. These must be re-

entered before the run proceeds.

The computer then checks the signal level being received from

the probes and prompts the operator to switch on the electronics

if no signal is detected. An option is provided for the operator

to eliminate data collection from any probe(s). If a probe fails

the self-test this option allows the operator to continue the run

without that probe or the operator may stop and correct the prob-

lem before proceeding.

Prompts are given to:

a. Pressurize the system

b. Switch on the pump

c. Check fuel flow (according to step 7.3.6)

d. Turn on heater element

The operator sets the timer on the JFTOT to zero and checks

the maximum temperature reading.

Three minutes after turning on heater element, press RETURN

key on keyboard. This brings the axes for the data plot to the

screen and the computer then begins plotting data. The operator

5
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should check that the voltage of each channel as displayed on the

screen agrees with the voltage for that channel on the meter on

the electronics unit. Each channel on the electronics unit is

accessed by turning the channel selector switch.

The monitor plots the inverse of the reflected light inten-

sity normalized to the initial value as a function of time. When

the run time is entered into the computer, the length of the time

axis is adjusted so that the plot for the full run fills the

screen. The data from each probe is automatically stored on the
disk and simultaneously plotted on the screen with a different
color for each probe. The traces are offset so that the data from
the probe at station 28 is lowest on the screen and data from
station 48 is highest with the intervening traces corresponding to
the order of the probes on the heater tube. The voltage and
temperature displays are arranged so that station 28 is represen-

ted on the left and succeeding values represent increasingly
higher positions on the tube to station 48 which is represented on
the far right.

ky The run may be terminated at any time by pressing the "ESC"U key.

Shutdown Procedure

When the run time has elapsed, the computer will "beep" and
data acquisition will terminate. The computer provides the oper-
ator with prompts. Among the prompts is one which instructs the
operator to turn off the sources in order to take a zero reading.
The switch for the sources is located on the back of the electro-
nics unit. When the switch is turned off, the computer instantly
does the zero reading. The operator continues by pressing the

-6 ,I 250-CEA' TEBS, /,VC.



I

RETURN key. After following the prompts, the operator exits the

computer program by pressing "ESC."

NOTE: THE DATA STORAGE DISK MUST NOT BE REMOVED FROM THE DISK

DRIVE BEFORE EXITING THE PROGRAM OR THE DATA WILL NOT BE STORED.

After following these prompts, the operator follows the

standard JFTOT shutdown and disassembly steps 7.4.1 through 8.5.

Following step 8.5, remove the fiber optic probes from the

heater tube holder. NOTE: The fiber optic probes must be removed

BEFORE the heater tube is removed from the holder.

Continue with the remainder of the standard disassembly

procedure beginning with step 8.6.

To make a back-up copy of any disk including the operating

system, acquisition program or data storage disks, place that disk
in Drive A and place an empty, formatted disk in Drive B and type

"Copy A:*.* B:".

I
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DATA ANALYSIS

The data analysis software supplied with the fiber optic

I JFTOT monitor calculates the thickness of the film formed at each

probe position at any time during the run. It also provides

* options for plotting or printing the raw data or for plotting or

printing the thickness as a function of time or position at a

given time. The film thickness can only be calculated for data in

which at least one half cycle of oscillation has been observed.

The thickness calculation is based on an average rate of accumu-

lation.

* Procedure

1. Switch on the analysis computer and printer.

2. After the prompt "C>" appears, type "CD JFTOT" to enter the

* appropriate directory.

3. Insert the floppy disk with data from the JFTOT acquisition

computer.

4. Copy the JFTOT data from the floppy disk to the hard disk by

typing "COPY A:*" where * represents the Run Number. Press

* RETURN key.

5. The archive file may be copied from the floppy disk to the

hard disk by typing "COPY A:ARCHIVE.LIB C:FL*.LIB" where * is
the floppy disk number. Each floppy disk must be given aI

I
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H different number. The archive file contains the information

entered into the JFTOT acquisition computer at the beginning

of each JFTOT run.

6. Type "ANL".

The main menu now appears on the screen. Any of these op-
tions may be chosen by pressing the appropriate function key on

the left side of the keyboard. To exit the program at any time

press <ESC>.

Main Menu

Fl - Read in file for functions F2 - F5.

This function reads the raw data for a given run which has

already been copied from the floppy disk to the hard disk. It
must be performed before functions F2 - F5 can be performed on

* that data.

F2 - Plot attenuation.vs. time.

The raw data is plotted on the screen. The plot on the
* screen has the same appearance as the screen on the acquisition

system at the end of the JFTOT run.

I F3 - Calculate thickness for functions F4 - F5.

The operator has the option of eliminating any probe(s) from
this calculation. Data in which irregularities occurred during
the run should be eliminated. If a probe is eliminated, it will
not be available for functions F4 or F5.

9N
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F4 - Plot thickness vs. time for 8 probes from 1 file.

The screen displays in color a plot of thickness vs. time for

all probes used in F3. The temperature at the position of the

probe is indicated on the right side of the screen at the end of

the trace corresponding to that probe.

F5 - Plot thickness vs. tube position at one time interval.

The operator chooses the time interval and the screen shows a

plot of thickness vs. position for each probe used in F3.

F6 - Calculate thickness vs. time for selected probes from up to 4

runs.

I The operator chooses a maximum of four probes which can be

from any run stored on the hard disk. The raw data for these

* probes is read and the thickness calculation is performed.

F7 - Plot thickness vs. time for selected probes from up to 4

files.

* The plot of thickness vs. time for these probes is displayed

in color on the monitor.

H F8 -Print menu

I Selection of this option brings the print menu to the screen.

I



Print menu

Fl - Read in file for functions F2 - F7.

If function Fl of the main menu has already been performed, then

this need not be repeated.

F2 - Print plot of attenuation vs. time.

This function prints a hard copy of the plot generated in the

JFTOT acquisition system. It has headers which give the relevant

information for the run. The plot is displayed on the monitor in

black and white while the printing is occurring.

F3 - Calculate thickness for functions F4 - F7.

If function F3 of the main menu has been performed, this

function need not be repeated.

F4 - Print plot of thickness vs. time (8 probes - 1 file).

A plot is printed for the probes chosen in the previous F3.

The plot has a header with the run information and it is displayed

in black and white on the monitor during printing.

I F5 - Print plot of thickness vs. tube position.

A plot is printed for thickness vs. tube position at a time

selected by the operator. This plot also has a header with run

* information and the monitor shows a black and white display.

: ', --CE, i"RS :Y



F6 - Print table of thickness vs. time.

This function prints a list of thickness at ten minute inter-

vals for one probe selected by the operator. It has a header with

run information.

F7 - Print table of probe number vs. thickness.

A list of the thickness observed by each probe at a time

selected by the operator is printed with header containing run

information.

F8 - Print table of inflection points vs. time.

This function provides a table of the times at which maxima

or minima were observed in the data for all probes selected in F3.

F9 - Calculate thickness vs. time for probes from up to 4 files.

The operator chooses a maximum of four probes from any runs.

The raw data for these probes is read and the thickness calcula-

tion is performed.

FIO - Print a plot of thickness vs. time for probes from up to 4

files.

The plot of thickness vs. time for the four probes selected

in F8 is printed and simultaneously displayed in black and white

on the monitor. The run number and probe number are printed on

the right side of the screen next to the corresponding trace.

meu Pressing <ESC> exits the print menu and returns to the main

* menu.

12
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yielded misleading results. The correlations between the various methods will be
discussed in addition to the consequence of method choice on the interpretation of
experimental data.
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ABSTRACT

Although the majority of heavy oil now produced in Western Canada in from
surface mining operations. most heavy oil is located In subterranean reservoirs.
an other methods mut beue oexploit these reserves. Steam injection. which

field pilots and is being adopted for commercial scale plants. The high reservoir
temperatres (150--350-C) generated by this technique causes chemical breakdown
of the otvonosulfur compounds present In the"seulfurous oils (S-3 - 6 wt~J with
the consequence that high levels of 1125 area found in the produced gaswes. This
awliy reports investigations designed to elucidate the mechanism of these resc-
tious. Two oils, one from the Peace River and the other from the Cold Eake oil
sands accumulation* were fractionated according to-boiing point and each fractionI Was subjected to conditions observed in steam, stimulated reservoirs. Overall,
the two oils behaved quite differently and those differences could be related to
their general chemical composition.

H EFFECTVENESS OF SELECTED STABILIZER ADDITVES IN

IMPOVING THE THERML OIDATION grABILMF OF JET FUEL
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and
C. L. Mcflvains III
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ABSTRACTI The use of stabilizer additives to improve the ambient storage stability of
aviation fuels baa raised queon concrning their behavior at elevated tempera-
tures. A hindered phenol. a panylenedlamins. an aliatic tertiary amine and a
metal deactivator were examined during thermal stress in a modified JFTOT ap-
parents. Experiments were conducted at temperatues up to 310*C. The metal
deactivator afforded substantial reductions In Insoluble products over the entire
temperature range. While all the additives reduced heater babe deposits at
260*C, the effects ranged from innocuous to deleterious at higher temperatures.
The phanylenedlamlas warn the most effective In reducing malimum, peroidde con-
centrations, but increasead the amounts of insoluble products. The influences of

the various additives In terms of heater tube deposits. particulate formation.
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I The Effects of Stabilizer Additives on the Thermal Stability of Jet Fuel

Robert E. Morris* and Robert N. Hazlett
Chemistry Division, Navy Technology Center for Safety and Survivability, Code 6180, Naval Research
Laboratory, Washington, D.C. 20375-5000

C. Linden Mcllvaine III
Geo-Centers, Inc., Fort Washington, Maryland 20744

The behavior of several types of fuel stabilizers considered representative of those commonly used
was examined during thermal stress of a jet fuel in a modified JFTOT apparatus. A hindered phenol,
a phenylenediamine, an aliphatic tertiary amine, and a metal deactivator (MDA) were examined.
In experiments conducted at temperatures up to 310 eC, the metal deactivator afforded substantial
reductions in insoluble products. All the additives reduced heater tube deposits at 260 0 C, but at
higher temperatures, the effects of the additives ranged from beneficial for the MDA to deleterious.
The phenylenediamine was most effective in reducing maximum hydroperoxide concentrations, but
significantly increased the amounts of insoluble products.

The demand for aviation turbine fuel is increasing even of instability (Hazlett and Hall, 1981, 1985).
as the quality of petroleum crudes is declining. At the Additives have been used or considered for addressing
same time, new engine designs are putting a greater these stability problems. In order to prevent the accu-
thermal stress on the fuel as it traverses the aircraft fuel mulation of hydroperoxides, JP-4 that contains hydro-
system. This combination of factors has stimulated in- gen-treated blending stocks and all JP-5 produced in ac-
creased interest and research in fuel stability, the resistance cordance with MIL-T-5624 must contain between 17.2 and
to change in fuel properties. 24 mg/L of an approved antioxidant. The military spe-

Two types of stability, low-temperature storage and cificiation currently allows the use of various hindered
high-temperature thermal oxidation, are of concern. The phenols. The ASTM specification (Annual Book of ASTM
first type involves a chemical change, oxidation of fuel Standards, 1987) for aviation turbine fuels, D1655-82,
molecules to form hydroperoxides (Hazlett et al., 1983; allows, at a maximum concentration of 24 mg/L, the use
Turner et al., 1986; Watkins et al., 1987). These latter of hindered phenols or of a phenylenediamine. A second
compounds attack elastomers in the fuel system, particu- type of additive, a metal deactivator, is also permitted in
larly in the fuel control lines. Hydroperoxides form more military and commercial jet fuels in order to counteract

readily in fuels produced by hydrocracking or by catalytic the catalytic effects of active metals, particularly copper,
cracking followed by hydrotreatment. These refining in fuel systems.
techniques, which increase the yield of jet fuel, probably In the realm of thermal oxidation stability, several as-
remove natural inhibitors which limit hydroperoxide for- pects of additive behavior are of concern. First, can ad-
mation by interfering with autoxidation reactions (Smith, ditives improve the stability of marginal fuels produced
1970). from poorer quality crudes. Second, can additives boost

The second type of fuel stability, thermal oxidation, the performance of specification grade fuels to meet the
involves formation of trace amounts of insolubles. Even greater thermal requirements of new engine designs.
at the part per million level, insoluble precipitates and Third, what effect do additives used to control hydro-
gums can be responsible for a variety of problems, which peroxides at low temperatures have on high-temperature
include decreased efficiency of engine heat exchangers, stability.
seizing the fuel control valves, and injector fouling. It is Previous examinations of additive behavior on fuel
known that hydroperoxides play a key role in thermal stability at elevated temperatures have produced mixed
degradation processes of aviation fuels by initiating a va- results. In the Minex test (Shayeson. 1970). a metal
riety of free-radical reactions (Hazlett et al., 1977). Het- deactivator suppressed insolubles. while phenolic anti-
eroatom (i.e., nitrogen, sulfur, and oxygen) containing oxidants did not. At 100 'C and 100 psig of oxvgen. re-
species are particularly subject to involvement in this type ductions in insolubles and hydroperoxides were reported
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(Nixon, 1962) in the presence of two different hindered appreciable amounts of particulate were formed, the test
phenols and a phenylenediamine, whereas these same filter could become plugged, substantially reducing the fuel
antioxidants were ineffective in long-term storage at at- flow rate below the nominal value of 3 mL/min. This
moepheric pressure at 43 *C. Mixed results were obtained would increase the contact time of the fuel with the heated
with a metal deactivator, also depending on test conditions. surface of the heater tube and stress the fuel beyond the
Phenolic antioxidants have been used with varying degrees normal limits of the test. This possibility of producing
of success, but they have been shown (Henry, 1986; Englin misleading quantities of insolubles was avoided by main-
et al., 1976) to be more effective when added during the taining fuel flow rates at or above 2.5 mL/min by by-

early months of storage. During storage of hydrotreated passing the test filter when the flow rate dropped below
jet fuel for 6 months at 50 *C, the addition of as little as that point. At the completion of each run, the reservoir
0.01% of two different N,N'-alkylated phenylenediamine and fuel lines of the JFTOT apparatus were solvent rinsed
antioxidants was found (Englin et al., 1975) to be detri- and dried.
mental to stability. We have also found phenylenedi- Tube Deposit Measurements. Tube deposit mea-
amines to increase insolubles in Naval Distillate fuel in surements (TDR) were taken with an Alcor Mark 9 tube
accelerated storage stability tests (Hazlett et al., 1986). In deposit during rating device operating in the spinning
middle distillates and blends containing light cycle oil, mode. These optical reflectance readings were taken at

insolubles were increased in 12-week 43 *C tests, 2-week every 2 mm along the heater tube length. ATDR values
80 OC tests, and 95 °C ASTM D2274-74 stability tests were calculated from the differences between the TDR
(Annual Book of ASTM Standards, 1982). Certain ali- readings before and after stress at each location. The
phatic amines, either alone or in combination with a metal highest ATDR value from each tube was taken as the
deactivator, were found to be beneficial. maximum, and the summation of all ATDR values on each

Thus, the evidence indicates that the effectiveness of tube comprised the total ATDR.
any additive is related to its structure and concentration Total carbon contents of the heater tube deposits were
as well as the age and composition of the fueL In addition, measured by combustion to carbon dioxide with a Per-
the nature of the test employed to assess thermal stability kin-Elmer Model 240 elemental analyzer. The grip ends
has often influenced the behavior of the antioxidants. In of each heater tube were removed, and the heated lengths
this study we examined the behavior of selected stabilizer were sectioned axially in half. To eliminate interferences
additives in jet fuel by correlating oxygen reactivity and from residual fuel and other organics on both inner and
peroxidation with the production of insolubles. The in- outer walls of the heater tube sections, they were thor-
fluences that several antioxidants and additives exerted oughly rinsed with toluene and dried prior to combustion.
on the thermal stability of jet A were determined by using After calibration of the analyzer with known compounds,
a jet fuel thermal oxidation tester (JFTOT) apparatus to blank carbon values were obtained from unused heater
stress the fueL The representative antioxidant compounds tube sections. All results from used heater tubes were
studied were a hindered phenol and a phenylenediamine. corrected for the blank values.
Two commercial additives were examined; FOA-3, which
contains a tertiary aliphatic amine as the active ingredient, Fuel Analysis. The JFTOT apparatus was modified
and FOA-310, which employs the same tertiary amine in to permit sampling of the fuel effluent after passing overIcombination with ametal deactivator. The metal deac- the heater tube and before returning to the reservoir
tivator was also studied independently. In addition to the (Hazlett et al., 1977). It was found that, when oxygen-measurements of JFTOT heater tube deposits, samples depleted fuel was allowed to come in contact with air, theof the stressed fuel were analyzed to determine the levels equilibrium concentration of oxygen would be rapidly re-o stored. It was therefore necessary to route JFTOT effluent
of peroxidation and amounts of dissolved oxygen con- for oxygen measurements directly to a liquid sampling

valve on a gas chromatograph via I/ 6 -in. i.d. stainless steel

Experimental Section tubing. The permanent gases were separated from the fuel
JFTOT Stressing Procedure. Fuel samples were with 6-ft X 1/8-in. stainless steel 42/60-mesh alumina

thermally stressed in a modified JFTOT apparatus, the column, and the permanent gases were resolved by a 6-ft
operation of which has been described previously (Hazlett X i/s-in, stainless steel column packed with 42/60-mesh

et al., 1977). Test samples (1100 mL) were prefiltered 5X molecular sieves. Column temperatures were main-

through two Gelman Type A/E glass microfiber filters tained at 100 *C. Entrapped organics were periodically
before introduction of the additive. All additives were used removed from the alumina column by backflushing at an

at the maximum concentrations allowed in the military elevated temperature. Permanent gases were detected with

specification MIL-T-5624 for Type JP-5 turbine fuel, i.e., a helium ionization detector (HID). The helium carrier
5.8 mg/L for the metal deactivator and 24 mg/L for the gas for the HID was purified with a helium diffusion cell
other additives. After blending in the additive, the test in order to attain sufficient oxygen sensitivity.

fuel was placed into a 3-L JFTOT reservoir and sparged Samples of the stressed fuel were taken from the liquid
with dry air for 15 min. To increase the heated surface sampling valve for peroxide analysis. Hydroperoxides were
area available to the fuel, to reduce the steepness of the determined iodometrically in accordance with ASTM
tube temperature profile, and to facilitate combustion D3703-85 (Annual Book of ASTM Standards, 1986), with
analysis for total deposit carbon, 304 stainless steel JFTOT the exception that potentiometric detection was employed
heater tubes with 5-in. heated sections were employed, using a platinum ring electrode with a Mettler DL-20 au-
Runs were conducted for 300 min to obtain more deposits, tomatic titrator.
thus affording better statistics on the carbon analysis. Materials. The test fuel for all experiments was a
Before use, the heater tubes were polished to obtain initial commercial jet A. Selected fuel properties, given in table
TDR values as low as possible, typically less than eight. I, were determined to ensure conformance with ASTM
Maximum heater tube temperatures of 260, 270. 280, and Aviation Turbine Fuel Specification D1655-82. All ad-
310 0C were employed. During the test, pressure differ- ditives were used as received without further purification.
entials across the JFTOT test filter were monitored with The following compounds and additives were examined:
a calibrated pressure transducer. In those instances where 2.6-di-tert-butvl-4-methylphenol lAldrich. 99% 1: .'% -
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Table I. Test Fuel Properties Table I1. JFTOT Heater Tube Deposit Ratings
property value method max heater total ATDR

acidity, total, ing of KOH/g <0.01 D663 tube temp, *C additives 1 2 av
sulfur, mercaptan, wt % 0.0009 D3227 260 neat 441 612 527sulfur, total wt % 0.0325 D2622 IONOL 371 283 327
aromatics, vol % 16.6 D1319 FOA-3 433 317 375
distillation temp, °F ('C) D86 PDA 485 374 430

10% recovered, temp 364 (184) FOA-310 362 299 331
50% recovered, temp 424 (218) MDA 257 150 204
90% recovered, temp 494 (257) 270 neat 526 594 560

final boiling pt, *F (C) 529 (276) IONOL 612 634 623
distillation residue, % 1.5 PDA 570 790 680
distillation loss, % 1.5 FOA-3 780 685 733gravity, API (sp. gr.) at 60 °F 41.9 (0.816) D1298 FOA-310 339 445 392

thermal stability at 260 OC D3241 MDA 299 355 327
filter pressure drop, in.Hg 0 280 neat 727 687 707
tube deposit rating (TDR) <2 IONOL 698 476 587

copper, ppm <0.001 ICAP PDA 822 672 747
I_ _.0_ _ FOA-3 897 628 763

FOA-310 458 419 439
2.6 a MDA 380 345 363'0 310 neat 945 772 8591 D. IONOL 836 731 784
2.2 j 0 ,oA.3 PDA 1044 965 1005

FOA-3 1088 819 954

FOA-310 836 494 665
MDA 771 626 699

IMDA added at 5.8 mg/L; all others added at 24 mg/L.

tions, we have shown (Morris et al., 1987) that, although
the repeatability of the TDR was good, it was often of
limited use as a quantitative measurement. In that study,

220 TDR measurements were found to be influenced by highly
5oo 1" 2, 260 0o 320 colored deposits. This disproportionate response accounts

......T. TUS, T.MPEI., TU,,- . T for the indications by the tube deposit ratings (TDR) given
Figure 1. Influences of additives on 1JFTOT heater tube deposition in Table II which suggest that the effectiveness of the
as determined by combustion analysis, metal deactivator was less than indicated by the carbon

burnoff technique, which is a primary measurement.
di-sec-butyl-p-phenylenediamine (Pfaltz & Bauer); N,- Furthermore, the TDR indicated FOA-310 and MDA ef-
N'-disalicylidine-1,2-propanediamine (metal deactivator, fectiveness decreased as the temperature increased.Pfaltz & Bauer); FOA-3, tertiary aliphatic amine (Du The quantities of hydroperoxides found in fuel samplesPont); and FOA-310, tertiary aliphatic amine and metal during stressing are a consequence of the differences in the

dei,.tivator (Du Pont). net formation and decomposition rates. While different
R l fuels can peroxidize at different rates under given condi-
Results tions of stress, comparison of hydroperoxide concentrations

The effects of the additives on the amounts of ho etr in one fuel in the presence of a variety of additives should
tube deposits were determined from the quantities o' tal provide a comparative measure of additive capabilities.
carbon found on each tube by combustion. When the The hydroperoxide concentrations measured in JFTOT
averages of the total carbon from the two replicate heater effluent indicated that the test fuel had a low initial hy-
tubes are compared (Figure 1), it is apparent that all the droperoxide concentration which increased as it was
additives reduced the amounts of tube deposits at 260 OC stressed. Thus, the additive was present during the for-
with respect to the neat fuel. As the stress temperature mation of the peroxides and could react with any free
was increased, FOA-310 and metal deactivator (MDA) radicals as they formed. Under these conditions, the
continued to reduce the amounts of heater tube deposits, likelihood of free-radical chain termination is greater, thus
while the effectiveness of the other additives diminished, increasing the effectiveness of the additive. When the
FOA-310 contains an aliphatic tertiary amine, NN-di- peroxide concentrations are considered as a function of
methylcyclohexylamine, in combination with the metal heater tube temperature (Figure 2), they ore shown to have
deactivator, and FOA-3 contains the same aliphatic tertiary accumulated up to a tube surface temperature of ap-
amine as its major constituent. Therefore, the aliphatic proximately 270 *C. Above this temperature, it has been
tertiary amine in FOA-3 was not particularly effective in shown (Hazlett et al., 1977) that the hydroperoxides un-
suppressing deposit formation but in combination with the dergo thermal decomposition and their concentration de-
metal deactivator in FOA-310 did bring about significant creases.
reductions. This indicates that the effectiveness of the Although heater tube deposits were significantly reduced
FOA-310 was attributable to the presence of the metal in the presence of FOA-310, levels of hydroperoxides found
deactivator. In comparison with the neat fuel, the hindered at temperatures above 260 CC were similar to the neat fuel.
phenol (IONOL) was essentially innocuous, whereas the When the two components of FOA-310 were tested sepa-
phenylenediamine (PDA) often increased the amounts of rately, both the metal deactivator and the FOA-3 signif-
tube deposits at 270 *C and above, as did FOA-3 at 270 icantly reduced hydroperoxides from levels reached in the
0C. neat fuel. However. the metal deactivator was very ef-

In comparison of TDR values with carbon contents and fective in reducing insolubles formation, whereas the
two types of nondestructive deposit volume determina- FOA-3 was not. The thermal stability of radical-inhibitor
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Table III. Oxygen Consumption by Fuel during JFTOT Stressing

percentage of initial oxygen consumed

tube temp. "C neat IONOL PDA FOA-3 FOA-310 MDA
200 1.4 0 0 3.9 0 0
220 1.1 4.1 14.7
225 21.3 0
240 27.5 2.1 25.1 16.9
250 44.2 45.7 45.1 31.2
260 89.5 73.8 28.8 94.8 41.7 35.8
270 88.6 98.8 38.1 82.8
280 98.2 100.0 85.5 100.0 100.0 94.5
310 100.0 100.0 100.0 100.0 100.0 100.0

900 Table IV. Summary of Additive Effects on Fuel Properties

goo E NEAT during JFTOT Stressinox
[,o.oL oye

, heater tube filterable consump-
oo ,o-3 additive deposits insolubles peroxidation tion

IONOL o o o o
i oo M. PDA + ++ ....

,oo FOA-310 .... o -
i0' MDA .-..

200 (o) No or minimal effect, (+/-) significant increase/decrease,
(++/--) large increase/decrease.

*00

o These two additives have had extensive use in gasoline and
24 20 220 31o jet fuel as well as military diesel and distillate fuels. MDA

MAXIMUM ,,,,EIII ,,,,, ....[*A.C .. is designed to complex copper ions, thus reducing their
Figure 2. Peroxide concentrations in fuel containing additives after stimulation of fuel oxidation. It is commonly used in jet,
JFTOT strewing. gasoline, and diesel fuels. FOA-3, a tertiary aliphatic

amine, counteracts catalysis of sediment formation by fuel
complexes may play a role in the effectiveness of FOA-3 acids under low-termpature storage conditions (Hazlett,
for controlling hydroperoxide concentrations at elevated 1987). This additive is used in commercial diesel and
temperatures. Although they did not significantly reduce heating oils. FOA-310 combines the functions of MDA and
tube deposits, the FOA-3 and particularly the phenyl- FOA-3.
enediamine were effective in suppressing peroxide levels. An overall summary of additive influences on the mea-

Measurements of oxygen content in fuel stressed with sured properties of fuels stressed in the JFTOT is given
JFTOT heater tube temperatures ranging from 21 to 310 in Table IV. During JFTOT stressing of this particular
°C (Table III) revealed that oxygen consumption was fuel up to a maximum heater tube temperature of 310 °C,
generally in accordance with the observed peroxidation the metal deactivator was the most effective of the addi-
levels. For instance, ionol exerted little effect but PDA, tives examined. MDA afforded significant reductions in
FOA-310, and MDA reduced oxygen consumption. On the heater tube deposits and filterable insolubles as well as
other hand, FOA-3 exhibited no reduction in oxygen usage some control over the rate of oxidation and hydroperoxide
in contrast to the reduction observed for hydroperoxide concentrations. FOA-310 acted identically with MDA, with
formation. the exception of less effect on hydroperoxide concentration.

In all cases, the quantities of filterable insolubles were The similarity of these two additives can be attributed to
indicated by the increases in differential pressure across the metal deactivator, alone in MDA but in a mixture with
the standard JFTOT test filter. This was not a quanti- a tertiary amine in FOA-310. Since the copper content of
tative measurement but provided an indication of the the fuel was found to be less than 1 ppb (Table I), the
magnitude of insolubles produced. The metal deactivator improvements in thermal stability were not a consequence
and the FOA-310 were very effective in suppressing fil- of copper complexation by the MDA. The tertiary amine,
terable insolubles. The effectiveness of the other additives as a single functional additive in FOA-3, exhibited mod-

to reduce filterable insolubles decreased with increasing erate activity except in reducing hydroperoxide concen-
temperature, in accordance with the other measured tration. This latter may result from the interaction of the
properties. At higher temperatures, the hindered phenol hydroperoxide and FOA-3 to form an amine oxide.
had no significant effect, while the FOA-3 tended to in- lonol, the hindered phenol, was mostly innocuous in all

crease filterable insolubles somewhat. The most rapid properties. Thus, the antioxidant which has demonstrated
filter plugging generally occurred in the presence of the inhibition of oxidation at low temperatures is not func-
phenylenediamine. When such increases in insolubles were tioning as such in the temperature range used in these
observed previously (Johnson et al., 1970), they were at- tests. The PDA increased insolubles formation in spite
tributed to thermal degradation of the phenylenediamines of reducing the rate of oxidation and limiting hydroper-
at 200-230 *C. However, in this study, increases in tube oxide formation. If thermal decomposition of the phe-
deposits did not occur until 310 *C, whereas filterable nylenediamine itself was responsible for the formation of
insolubles increased dramatically above 270 *C. insolubles, then loss of the additive would result in marked

increases in peroxidation as the temperature increased.
Discussion Inasmuch as both peroxidation and oxygen consumption

The additives chosen for study represented several were suppressed at all temperatures, it is more likely that
principles of stabilizing action. The lonol and PDA act the insolubles are a result of thermal decomposition of
as antioxidants to interfere with autoxidation chemistry. reaction products of the phenylenediamine with free-rad-
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ABSTRACT

The quantification of deposits formed on heated metal surfaces is used
as one measure of thermal stability by the JFrI procedure. Empirical methods
widely employed entail either visual camarisons or measurements of reflected
light (TOR), both of which are sensitive to deposit color. We have found
that measurements of total carbon content by combustion are more reliable and
have compared a number of deposits formed on stainless steel JFIUT heater
tubes by the TOR and combustion methods. In addition, two novel techniques
based on measurements of dielectric strength and the interference effect
produced upon reflectance of mnochromatic light have been examined. It was
found that the dielectric and interference methods correlated well with the
combustion analyses and each other, while the TOR often yielded misleading
results. The correlations between the various methods will be discussed in
addition to the consequences of method choice on the interpretation of
experimental data.

The thermal oxidation of liquid fuels is often accompanied by the
formation of insoluble reaction products, either as suspended particulate or
as gum which adheres to container surfaces. Modern aircraft engine designs
and aerodynamic heating of wing surfaces place more severe thenal stress on
the fuel, increasing the likelihood of the formation of insoluble deposits.
Aircraft fuel system deposits can be responsible for a variety of problems
including decreased efficiency of engine heat exchangers, seizing of fuelI control valves and injector fouling.

It is known that thermally initiated fuel degradation is acceleratedI by the presence of oxygen through autoxidative processes involving free
radical chain reactions. The Jet Fuel Thermal Oxidation Tester (JFIKT) is
widely used to characterize the thermal oxidation stability of a fuel. In
the JFIr, aerated fuel is pressurized with nitrogen and passed over a heatedI metal tube so that the fuel is stressed under conditions of high oxygen
availability and slowly increasing temperatures. The quantities of insoluble
products formed under these conditions constitute a measure of the depositI forming characteristics of the fuel. In accordance with standard ASTM D3241
test procedures [1], the formation of filterable insolubles is detected frcm
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changes in pressure differential across a standard test filter downstream ofI the heated tube and the adherent insolubles deposited on the hot tube are
characterized by visual comparison with color standards. The highly
subjective nature of the visual method of rating heater tube deposits wasI revealed in a round-robin effort conducted by the Coordinating Research
Council [2]. The poor precision of visual ratings from unusual and highly
colored deposits resulted in random errors which were in excess of the
differences between the values, thus eliminating any statistical
significance. To increase the reliability of the measurement, the Tube
Deposit Rater (TER) was developed. The TDR is based on the measurement of
the attenuation of reflected white light by a photocell; thicker coatingsIincrease the TUR while a clean tube surface gives a reading of zero. From
comparisons with measurments of deposit thicknesses by Auger s,
neither the Visual Rating method nor the TER were found [3] to be adequate inI rating tube deposits. While less subject to operator judgement than the
visual rating method, the TOR can be influenced by the optical properties of
the deposit.

Quantification of tube deposits by combustion of carbon to carbon
dioxide has been investigated, with the assumption that the deposit is
composed primarily of carbon. Measurements of total carbon contents per unitI area per unit time have been employed [4] to study the influence of dissolved
oxygen on the rates of deposit formation from thermally stressed jet fuels on
316 stainless steel tubes. These studies were later extended to examine the
effects of trace amounts of sulfur- and nitrogen-bearing compoun s [5,6] on
deposition rates. Combustion analyses have been utilized [7] to quantify
deposition rates from jet fuels stressed under a wide variety of experimental
conditions in a special test apparatus. Carbon was determined from deposits
on sintered stainless steel filters and from the inner walls of heated 316
stainless steel tubes. A lower limit of 200 mir carbon on the tube
sections was reported. The precision of combustion analyses conducted on
stardard JFI1r heater tubes has been shown [8] to be limited by the
difficulty with which quantitative removal of carbon from the aluminum
surface could be attained. This behavior seems related to the relatively
thick porous layer of aluminum oxide which coats aluminum metal surfaces. It
had been found (8] that the amunt of carbon formed on stainless steel tubes
thermally stressed in the JFTOT generally exceeded that from aluminum tubes
by a factor of two. In addition, migration of magnesium in 6061 T6 alloy
aluminum heater tubes at elevated temperatures has been reported to inhibit
deposition. Heater tubes comprised of 304 stainless steel do not form porous
oxide coatings, allowing much lower detection limits, nor is magnesium
inhibition possible. Besides these limitations associated with the use of
aluminum tubes, the tubes are destroyed during the combustion analysis and it
provides no detailed information concerning the spatial distribution of the
deposit.

Two novel techniques for determining the volumes of heater tube
deposits have been developed. One technique [9] is based on measurwments of
the electrical insulating properties of the deposit. The other method [10)
is based on the interference effect produced when monochromatic light is
reflected off the tube surface through the deposit. Since these methods are
non-destructive, we were able to obtain deposit measurements from the TOR,
dielectric, interference and combustion methods on each JFIOT heater tube.
The initial findings were described earlier [11] on a limited number of
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samples. In this study, the results frm the four methods are compared from
a greater number of heater tubes and refinements in the use of the opticalinterferometry apparatus were investigated.

Thermal stressing of fuel samples was performed using the modified
JFIOT described earlier (12]. The same Jet A fuel was used in all
experiments. Five-inch 304 stainless steel heater tubes were employed to
achieve a more gradual increase in temperature, greater reactive metal
surface area and to facilitate the combustion analysis. In order to ensure
sufficient quantities of material for combustion analysis, run times were
increased to 300 minutes. Under these conditions, at a maximum fuel flow
rate of approximately three milliliters per minute, the residence time of the
fuel in the heater tube holder was approximately 28 seconds. Since
appreciable amounts of filterable insolubles would substantially reduce the
fuel flow rate through the test filter and increase the contact time of the
fuel with the heated tube surface, the test filter was bypassed when the flow
rate dropped below 2.5 m/min. Tests were coilucted at maximum heater tube
temperatures of 260, 270, 280 and 3100C.

Spun TM s were taken with an Alcor Mark 9 tube deposit
rating device. The instrument was calibrated in accordance with the
manufacturer's instructions, using a calibration tube supplied with the
instrument. Readings were taken from heater tubes before and after stressing
at 2 m intervals over the 120 m heated length. To obtain a measure of the
changes in reflectance due to the deposit, differences between the initial
and final T!R values at each location were calculated and reported as the
delta TER. The su of the delta TER constituted the total delta TDR, which
was used as an indication of the total amount of deposit on the tube. The
highest spun delta TCR at any one location was taken as the maximm delta
TIR.

Volume were performed by Southwest Research, Inc., using
their dielectric measuring device. This tenique relies on the assumptions
that an organic deposit will behave as an electrical insulator and that all
"normal" deposits have similar dielectric strengths. When a voltage
potential is applied across the tube deposit through a stylus, it will act as
an electrical insulator until the potential reaches the point at which the
organic material comprising the coating breaks down. The coating then ceases
to act as a dielectric insulator and current begins to flow between the
heater tube and the stylus. Values for the dielectric breakdown were
determined by increasing the voltage potential across the coatings at a
controlled rate while monitoring the current. Deposit thicknesses were
calculated from an empirically determined (9] proportionality factor, which
relates the dielectric breakdown voltage to deposit thickness. The precision
of the measurement is reduced with very thin coatings. The dielectric
measurements are taken at specific points on the tube, so that spinning
cannot be employed to average out variations in thickne. -: around the tube.
The side of the tube facing the fuel outlet was taken as a reference point
i.e., zero degrees. measurements were obtained at 2 m intervals down the
tube at 0, 90, 180 and 270 degrees, providing four sets of thickness
measurements for each tube. At each location, the readings were averaged and
used to define a thickness profile frn which the total deposit volume was
ca! .:ulated.
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Deposit volumes were determined by Geo-Centers, Inc. with the fiber

optic JFIr tube scanner which they developed. Additional interferometry
measurements were taken in our laboratory using a similar instrument,
supplied by Geo-Centers. In this method, monochromatic light having a
wavelength of 680 nm was directed onto the coated tube in a direction
perpendicular to the surface through a fiber optic assembly which contained

both the source and detector optics. The intensity of reflected light
represents the quantity of light which emerges through the coating after
reflecting off the metal tube surface. Since there is a large difference in
the refractive indices between the air and the deposit, the reflected light
wave undergoes a phase change. As a consequence, the emergent wave
interferes constructively or destructively with the incident wave, depending
on the thickness of the deposit. As the detector is scanned across a
deposit, the light intensity changes periodically as the deposit thickness
passes through multiples of the wavelength of the incident light. At thicker
deposit thicknesses, absorption of the light by the coating dominates,
limiting measurement to thicknesses below approximately two microns. Like
the dielectric method, the interference method is also a static measurement
which is conducted at four points around the tube circumference, using the
side facing the fuel outlet as the reference. The interference measurements
are treated as follows. The thicknesses at each tube location are averaged
and a table ccmpiled of the locations at which the average coating
thicknesses pass through multiples of the incident light wavelength. The
deposit depth at each location is then corrected for the refractive index of
the deposit and the source-detector geometry. The thickness profiles thus
determined are fitted to the appropriate functions and integrated to obtain
the deposit volume.

ITotal carbon contents of the tube deposits were determined after
completion of the other measurements. Combustion analyses were performed
with a Perkin-Elmer model 240 elemental analyzer. After calibration of the
analyzer with known compounds, blank values were obtained from cleaned,
unused heater tube sections. The grip ends of the heater tubes were removed
and the heated section was cut into two equal lengths, cleaned in toluene,
vacuum dried and analyzed.

RESUTS

IThe quantities of total carbon from each JFIMT heater tube, the TDR
values and the deposit volumes from the dielectric breakdown and interference
methods are given in Table 1. The scatter plot of TDR values vs total carbon
in Fig. 1 illustrates that, although there is a tendency for the heavier
deposits to exhibit higher TER readings, there was a high degree of
uncertainty. This illustrates the deficiency of the TDR when used

Iin research efforts undertaken with the JFrOT.quantitativelyinrsacefotunetknwtthJrC.

A plot of the deposit volumes calculated from the dielectric and
interference measurements vs total carbon (Fig. 2), indicates that these
quantities are more linearly related to carbon content than the TDR. Light
absorption by the thicker deposits limited the useful range of the
interference measurements to coatings containing less than 400 micrograms of
carbon. There was a tendency for the deposit volumes to be somewhat less by
the dielectric method at very thin deposits, i.e., less than lxlO- 4 cu.mm.
This is understandable in light of the fact that the precision of the
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dielectric measurements would be expected to decrease on very thin coatings.

Both of these two new non-destructive techniques provide a convenient
means of measuring deposit thicknesses at known locations on non-spinning
tubes. Such techniques could be employed to determine the relationships
between deposit thickness variations and experimental variations. Thickness
profiles from interfertmtry along four sides of a typical heater tube are
illustrated in Fig. 3. In this example, the thickness measured at 0* was
nearly twice that at 90 and 1800, where the side of the tube having the
thickest deposit was designated as 0* and the other profiles were taken by
indexing the tube in 900 increments. In those instances where there are
large radial variations in thickness, increasing the number of measurements
around the circumference would increase the precision of the volume
calculation. However, the high degree of correlation with the combustion
data indicates that, in these experiments, the precision of the deposit
volumes from measurements at four locations was comparable to that of the
combustion data.

The agreement between tube deposit measurements from these methods can
be quantitatively expressed by performing regression analyses and considering
the linear correlation coefficients. From the regression correlation
coefficients given in Table 2 the deposit volumes by the dielectric breakdown
and the interference methods are shown to correlate extremely well with total
carbon contents and with each other. The TDR values did not correlate withany of the other measurements.

Typical TER profiles from two heater tubes were found to have maximum
TER values of 47 and 28 at the locations of maximnum tube temperatures. The
TDR scan of the heavier deposit also contained a secordary maxim=un at
approximately 80 m. Corresponding maximum dielectric breakdown potentials
of 828.3 and 17.2 volts were measured from the same two tubes. This
illustrates the increased range of the dielectric measurement over the TDR
for a case where changes in TDR were not proportional to the actual
quantities of tube deposits. Carbon contents of the entire deposits on these
two tubes was 381 and 27 micrograms, respectively. The rardom nature of the
correlation between TM and carbon contents or deposit volumes renders the
existence of any systematic non-linear relationship very unlikely. A
secondary maxin= TDR value at 80 mmn was also not apparent from the
dielectric measurements. This type of effect may have been caused by light
absorption by a thin, highly colored deposit which resulted in an erroneously
high TER. There is also the possibility of interference effects arising from
thin coatings with thicknesses in mltiples of the dominant wavelength of the
incandescent lamps used in the TM rating device.

The interference measurements were obtained down the length of the'heater tube by manually moving the fiber optic probe. The increments between
measurements must be reduced in order to sufficiently resolve the point at
which the coating thickness passes through a multiple of the incident light'wavelength. In order to facilitate interference measurements taken at NRL,
the fiber optic probe was fixtured to the photocell transport assembly of our
Alcor Mark 9 TER rater. The probe could be manually positioned in the TDR
rater with a resolution of 2.5 nm. In addition, a motor drive was fitted
onto the positioning mechanism of the TDR rater and the output signal of the
fiber optic probe was applied to a chart recorder, providing a continuousI
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plot of reflected light intensity vs location. Comparison of plots of
intensity vs location from the discrete measurements with the continuous
chart recordings revealed that taking readings each 2.5 mm was not sufficient
to resolve the coating thickness gradient. It was therefore necessary to
obtain the data in a continuous manner. Continuous acquisition of the
reflected light intensity was accomplished by input to a suitable
analog-digital interface to a desktop microcomputer. The translation rate of
the probe across the tube was calibrated to provide a means for determining
the position of the probe by the timing of the signal.

A ccmputerized method of converting the raw measurements to deposit
volumes would allow for a nearly automated procedure, which would facilitatethe use of this technique in routine specification testing. As a first step,
a computerized method was applied to fitting the unequally spaced thickness
measurements to a smooth curve. Integration of the resulting thickness
profile yields the deposit volume. One approach was the application of a
cubic spline to fit the data to a smooth curve that passed through all the
data points. The curves derived from spatial distributions of deposit
thicknesses from dielectric and interference measurements of the same deposit
are shown in Figure 4. Good agreement was found between the volumes
calculated from the spline tit and the values originally reported. It is not
surprising that the volumes calculated from the dielectric data agreed so
well, since the dielectric data points are regularly spaced. The agreement
between the spline fit and the methods used by Southwest Research and
Geo-Center- indicates that at least in sane cases, automatic measurement andreporting of volumes is possible, providing a means for utilization of these
techniques for routine specification testing.

I DISaJSSION

Within their respective useful ranges, both non-destructive methods
described here provided measurements of deposit volumes which correlated

equally well with each other and with measurements of total carbon. Since
these measurements are obtained at discrete points, they also describe the
distribution of deposits around the hater tube circumference. Comparison of
deposit thickness profiles for each quadrant around the tube, it was found
that in many cases the deposits were not evenly distributed around the tube
cirr~aference. Generally, the thickness was greater on the surface facing
the fuel outlet. This unevenness contributed significantly to the
uncertainty in the average thicknesses calculated from the four points around
the circumference. It way be possible to minimize this unevenness somewhat
by reducing the test duration, it may also be necessary in certain instances
to increase the number of measurements that are taken around the tube surface
to improve the precision of the computed average.

The dielectric method is limited to coatings which are thick enough to
electrically insulate the stylus from the tube, thus limiting its use with
very thin coatings. A lower limit of 20 volts for the dielectric breakdown
potential, which represents a coating 0.05 microns thick, has been indicated
by Southwest Research as the point below which the readings can be
,ureliable. The dielectric method may therefore not be applicable for
quantifying very thin deposits produced by aviation fuels when tested in
accordance with ASTM D3241 [1]. Lower limits and the correlation with visual
ratings would have to be established before it can be determined if the
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dielectric method would be suitable for routine specification testing.

The lower limit of detection of the interference method is mainly a
function of the wavelength of the incident light. In this work, light with a
wavelength of 680 rm was used, theoretically limiting the lower limit to 0.14
microns and the resolution to 0.07 microns. Absorption of light by the
coating oses constraints on the maximum deposit thicknesses that can be
measured by the interference technique. The maximnum thicknesses of many of
the tube deposits generated in this work were beyond the upper limit of the
interference technique, but the experimental conditions in this work were
formulated to maximize deposit quantities for combustion analysis. Another
factor is the distribution of deposit. In the interference method, data
points are obtained only at those locations where the deposit thickness
passes through multiples of the wavelength of the incident light. The number
of data points will therefore be a function of the length of the deposit
thickness gradient. A coating which increases in thickness over a short
distance may not provide a sufficient number of data points to accurately fit
the thickness profile equations. Tube deposits having a long thickness
gradient and which appear under white light to have a peacock appearance,
will generally yield more data points, Most of the deposits examined in this
study provided a sufficient number of data points on the transition between
the fuel inlet and the location of the temperature maximum. The heat
transfer characteristics of the stainless steel tubes causes the maximum
temperature to occur near the fuel outlet and thus, in many cases, the number
of data points for the deposit thickness transition between the hot zone and
fuel outlet were limited. It would be expected that the use of ai.ninum
JFIOa tubes would alleviate this problem, since the temperature maximum is
further from the fuel outlet. In addition, shorter run times would tend to
reduce the likelihood of exceeding the upper limit of the measurable
thickness. Therefore, the interference technique shows promise as an
applicable tool in nondestructively quantifying JFIOT heater tube deposits
produced during specification testing.

A limitation that currently exists to the application of the
interference method to routine testing of fuels is the methods for data
interpretation. The dielectric measurements provide thickness information at
regular intervals and therefore, calculation of deposit volume is a
relatively straightforward procedure. On the other hand, the interference
measurements provide thickness information only at multiples of the incident
wavelength, at uneven intervals. Thus, the calculation of deposit volumes is
somewhat more complicated and requires some interpretation on the part of the
analyst. The use of a computerized technique to obtain the thickness profile
would simplify the analysis procedure and eliminate any operator
subjectivity. The spline fitting techniques described above show promise as
a non-interpretetive method for fitting and integrating a thickness profile.
However, the accuracy of the fitted thickness profile would still be limited
by the number of data points upon which it is based, i.e., the thickness
gradient. Future efforts will involve refinement of the mathematical methods
to provide automatic reduction of the raw measurements to deposit volumes.

CONCLUSIONS

Excellent agreement was obtained between JFIMT heater tube deposit
volumes calculated from measurements of dielectric breakdown and from optical
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interference and the total amount of carbon measured by combustion. Within
their respective measurement ranges, both the dielectric and interference
techniques could be employed to quantitatively determine JFWT heater tube
deposits from the 304 stainless steel tubes. since the precision of the
volume calculations derived from static measurements can be affected by
extreme radial variations in deposit thickness in certain instances, it may
be necessary to increase the number of measurements taken around the tube
circumference. Although the treatment of the regularly spaced dielectric
measurent data to calculat- deposit volumes is relatively easy, the
technique is nevertheless limited to thicker coatings which can be beyond the
range of interest in specification testing. The interfermetric method will
measure thinner deposits, but the accuracy can be compromised in those
situations where the thickness gradient is too short to provide for enough
data points. The examination of heater tubes prepared in accordance with
standard specification test methods by the dielectric and interferometric
techniques would be necessary to assess their potential applicability to
specification testing. However, automation of the data collection and
analysis procedures would seem to be a prerequisite, particularly for
interfercmetry. The use of spline functions to define and integrate the
thickness profiles shows promise as a noninterpretive approach towards
automating the data analysis procedure.

As practical alternatives to combustion analyses, the dielectric and
interference methods may also allow for the use of aluminum JFIOT tubes in
quantitative studies. These techniques could also provide a convenient and
practical means with which to study the relationships between fuel flow andI deposit characteristics and to determine the influence of heater tube
composition without resorting to combustion analyses to quantify deposits.
The thickness profiles obtained by these two new methods have also
demonstrated instances where the TDR values were disproportionately
influenced by thin, highly colored deposits. The failure of the spun TDR
method to respond proportionately to certain types of deposits poses
imitations on its usefulness as a tool for quantitative measurements.
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Table 1. JFI Heater Tube Deposit Measurements

Volume, cu.m.

Total Carbon, Total Dielectric

I microc Delta TER Interferometry Breakdown

876.8 965 0.6365

826.0 1044 0.5405

630.1 822 0.5358

618.6 855 0.5107

587.9 819 0.4570

537.3 628 0.4553

i514.9 790 0.4962

513.6 780
493.5 698 0.5035

456.2 731 0.4129

438.1 836 0.3532

430.8 772 0.4057

415.4 727 0.4325

i 398.5 685 0.4272

385.2 476 0.4149

381.2 634 0.350 0.3752

370.6 660 0.2883

352.5 945 0.2170

321.8 612 0.310 0.2627

319.7 612
304.1 672 0.330 0.3493

287.7 526 0.2752

266.9 1088 0.2257

I 237.6 594 0.260 0.2182

221.6 897 0.1790

196.4 570
163.4 374 0.190 0.1563

158.4 283 0.110 0.1238

156.5 485
133.8 771 0.0562

121.2 441 0.0785

112.0 609 0.0942

107.3 745 0.1541

106.0 371
97.2 706 0.0855

96.7 431 0.1006

92.0 660 0.0805

91.2 494 0.086 0.0545
84.9 836 0.0175

83.6 626 0.0469

80.8 433
79.2 337 0.0511
66.0 443 0.0607

59.4 317 0.055 0.0237

57.9 458 0.0230

55.8 345 0.067 0.0281

55.4 339 0.1610

52.0 445 0.053 0.0233
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Table 1, cninued
Volume, cu.mm.

Total Carbon, Total Dielectric
micrcmg Delta TO Tnterfergmetry Breakdwn

51.1 304 0.0124
50.8 422 0.1264
50.7 419 0.041 0.0309
50.4 380 0.0197
47.2 365 0.0458
47.0 355 0.041 0.0194
42.8 299 0.0178
39.6 150 0.028 0.0129
37.9 257 0.0700
30.3 362 0.0930
27.2 299 0.016 0.0086
10.3 139 0.013
<10 255 0.0132
<10 244 0.0141I
Table 2. Linear Correlation Coefficients from Comparisons of

Tube Deposit Evaluation Methods

I Independent variable Degendent Variable Correlation Observations

Total Carbcn Dielectric Volume 0.929 56
Total Carbon Optical Volume 0.971 14
optical Volume Dielectric Volume 0.970 14

Total TCR Total Carbcn 0.561 62
Total T13R Dielectric Volume 0.473 56
Total TfR Optical Volume 0.707 14

I
I
I
I
I
I
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Figure 1. Relationship of TDR values to carbon content.
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Figure 2. Relationships of deposit volume measurements to carbon
content.
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Figure 3. Deposit thickness measurements by interferometry along
four sides of heater tube.
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Figure 4. Deposit volumes obtained by integration of thickness
profiles derived from cubic spline fitting.
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The use of additives to iprove the ambient storage stability of
aviation fuels has created the need to characterize the influences exerted by
these additives at the elevated temperatures of an aircraft fuel system. The
behavior of several antioxidant compound types considered representative of
those commonly used were examined during thermal stress in a modified JFIr
apparatus. The neat compounds 2,6-di-t-butyl-4-methylphenol and
2,4-di-isopropylphenylenediamine in addition to a tertiary amine, were
blended into Jet A at 24 iJg/L. A metal deactivator, N,N'-disalicylidine-
1,2-diaminopropane was added at 5.8 mg/L as the pure compound and from a
imltifunctional additive package which contained both the metal deactivator
and a tertiary amine, added at 24 mg/L. From experiments conducted with
stainless steel heater tubes at tmeratures frm 200 to 310"C, measurements
of heater tube deposits, particulate formation, oxygen consumption and
peroxidation were obtained.

All the additives reduced the quantities of heater tube deposits formed
at 260"C, ccepared to the neat fuel. At higher temperatures, the effects of
the additives ranged from innocuous to deleterious, with the exception of the
metal deactivator, which afforded substantial reductions in insoluble
products at temperatures up to at least 3100C. The phenylenediamine was the
most effective in reducing maximu peroxide concentrations, but this
reduction was acconpanied by increases in insoluble products.

INTROCUCTON

The combination of the increasing demand for aviation fuel and newer
engine designs which place greater thermal stress on fuel has increased the
interest in fuel stability. Both low temperature storage stability and high
temperature thermal oxidation are of concern. Storage stability involves
oxidation of fuel constituents to form hydroperoxides [1,2,3], which can
attack elastrs in the fuel system. Hydroperoxides form more readily in
fuels produced by hydrocracking or catalytic cracking followed by
hydrotreatment. These refining techniques, while increasing the yield of jet
fuel, probably remove natural inhibitors which limit hydroperoxides produced
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through free radical autoxidation reactions [4]. It is known that
hydroperoxides play a key role in thermal degradation processes of aviation
fuels by initiating a variety of free-radical reactions [5].

Additives have been used or considered for addressing these stability
problems. In this context, one of the aspects of additive behavior that is
of concern is the effect of stabilizer additives on thermal stability.
Previous examinations of additive behavior on fuel stability at elevated
temperatures have produced a variety of results. In the Minex test [6], a
metal deactivator suppressed insolubles while phenolic antioxidants did not.
At 100"C and 100 psig of oxygen, reductions in insolubles and hydroperoxides
were reported [7] in the presence of two different hindered phenols and a
phenylenediamine, whereas these same antioxidants were ineffective in
long-term storage at atmospheric pressure at 43*C. Mixed results were
obtained with a metal deactivator, also deperding on test conditions.
Phenolic antioxidants have been used with varying degrees of success at
storage temperatures ranging from 50 to 1600C, but they have been shown
[8,9], to be more effective when added Cduring :.a early months of storage.
N,N-alkylated phenylenediamine antioxidants have been found [10] to be
detrimental to stability during storage of hy-rotreated jet fuel for six
months at 50°C.

Thus, the evidence indicates that the behavior of an additive in
stability tests is not only influenced by the age and composition of the fuel
but also by the nature of the test employed.

The test fuels were camnrcial Jet A fuels which conformed to ASIM
Aviation Turbine Fuel Specification D1655-62 [111. Selected fuel properties
are given in Table 1. Fuel samples were thermally stressed with a JFIOT
apparatus, which had been modified as described earlier [5] to provide for
on-line sampling of the stressed fuel. Test samples (1100 mL) were
prefiltered through two Gelman type A/E glass microfiber filters before
introduction of the additive. All additives were used at 24 mg/L exept the
metal deactivator, which was added at 5.8 mg/L, unless stated otherwise.
After blending in the additive, the test fuel was sparged with dry air for 15
minutes. Five-inch 304 stainless steel JFI=t heater tubes were employed
during runs conducted for 300 minutes. To avoid excessively stressing the
fuel in the event that the JFIT test filter became plugged with filterable
insolubles, fuel flow rates were maintained at or above 2.5 mL per minute by
bypassing the test filter.

Total carbon contents of the heater tube deposits were measured by
ccubstion to carbon dioxide with a Perkin Elmer model 240 elemental
analyzer. After calibration of the analyzer with known compounds, blank
carbon values were obtained from unused heater tube sections and subtracted
from all deposit measurements.

Oxygen contents in samples of stressed fuel from the JF=OT apparatus
were determined as described earlier [5]. Hydroperoxides were determined
iodcuetrically in accordance with ASITM D3703 [12], with the exception that
potenticuetric detection was employed using a platinum ring electrode with an
automatic titrator.
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TABLE 1. ROPERTIES OF JET A TEST FUELS

Property Fuel 8237 Fuel 8711 method

Acidity, total, mg DH/g <0.01 <0.01 D 663
Sulfur, mercaptan, wt. % 0.0009 0.0009 D 3227
Sulfur, total wt. % 0.0325 0.0399 D 2622
Aromatics, vol. % 16.6 18.8 D 1319
Distillation temp., OF (°C) D 86

10% recovered, temp. 364 (184) 363 (184)
50% recovered, temp. 424 (218) 412 (211)
90% recovered, temp. 494 (257) 477 (247)

Final boiling point, OF (°C) 529 (276) 507 (264)
Distillation residue, % 1.5 2.0
Distillation loss, % 1.5 0.5
Gravity, °API (sp gr) at 60°F 41.9 (0.816) 43.7 (0.811) D 1298
Thermal stability at 260°C D 3241
Filter pressure drop, inches Hg 0 0
Thbe deposit rating <2 <2

Copper, PPM <0.001 0.004 ICAP

RESULTS AND DISCJSSION

The effects of the additives in fuel 8237 on the amounts of heater tube
deposits were determined from the quantities of total carbon found on each
tube by combustion. The results from combustion analyses from replicate
JFOT experiments are shown in Fig. 1. When the averages of the total carbon
from the two replicate heater tubes are compared, it is apparent that all the
additives reduced the amounts of tube deposits at 260°C with respect to the
neat fuel. As the stress temperature was increased, FOA-310 and metal
deactivator (MDA) continued to reduce the amounts of heater tube deposits,
while the effectiveness of the other additives diminished. FOA-310 contains
an aliphatic tertiary amine in combination with the metal deactivator and
FOA-3 contains the same amine as its major constituent. Therefore, the
aliphatic tertiary amine in FMA-3 was not particularly effective in
suppressing deposit formation but in combination with the metal deactivator
in FOA-310, it did bring about significant reductions. This indicates that
the effectiveness of the FOA-310 was attributable to the presence of the
metal deactivator. In comparison with the neat fuel, the hindered phenol
(ionol) was essentially innocuous. Thus, this antioxidant which has
demonstrated inhibition of oxidation at low temperatures was not functioning
as such in the temperature range used in these tests. The phenylenediamine
(PDA) often increased the amounts of tube deposits at 270*C and above, as did
FOA-3 at 270°C.

The measurements of hydroperoxide concentrations in JFIT effluent,
shown in Fig. 2, indicate that fuel 8237 had a low initial hydroperoxide
concentration which increased as it was stressed up to a temperature of
approximately 2706C. Above this temperature, it has been shown [5] that the
hydroperoxides undergo thermal decomposition and their concentration
decreases.

Although heater tube deposits were significantly reduced in the
presence of FOA-310, levels of hydroperoxides found at temperatures above
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260°C were similar to the neat fuel. When the two components of FOA-310 were
tested separately, both the metal deactivator and the FOA-3 significantly
reduced hydroperoxides from levels reached in the neat fuel. The tertiary
amine, as a single functional additive in FOA-3, exhibited moderate activity
except it was effective in reducing hydroperoxide concentration. This latter
my result from the interaction of the hydroperoxide and FOA-3 to form an
amine oxide. The penylenediamine was the most effective additive in
suppressing hydropercxide accumiulation, with a maximum peroxide number of
only 0.3 meq/kg measured at 280-C.

Measurements of oxygen content in fuel stressed with JFIDT heater tube
temperatures ranging from 21 to 3100C, (Table 2) revealed that oxygen
consumption was generally in accordance with the observed peroxidation
levels. For instance, ionol exerted little effect but PDA, FOA-310 and MDA
reduced oxygen consumption. On the other hand, FOA-3 exhibited no reduction
in oxygen usage in contrast to the reduction observed for hydroperoxide
formation.

TABLE 2. OXYGEN CONSUMPION BY FUEL 8237 DUJING STRESSING

Percent of Initial Oxygen Consumed
Tube

Ten.. C. Neat IONOL PDA FOA-3 FOA-310 MDA
200 1.4 0 0 3.9 0 0
220 - - 1.1 4.1 - 14.7
225 - 21.3 - - 0 -
240 27.5 - 2.1 25.1 - 16.9
250 44.2 45.7 - 45.1 31.2 -
260 89.5 73.8 28.8 94.8 41.7 35.8
270 88.6 98.8 38.1 - 82.8 -
280 98.2 100.0 85.5 100.0 100.0 94.5
310 100.0 100.0 100.0 100.0 100.0 100.0

The formation of suspended particulates was monitored by measurement
of the pressure differential developed across a standard Jr=iD test
filter. The metal deactivator and the FOA-310 were very effective in
suppressing filterable insolubles. The effectiveness of the other
additives to reduce filterable insolubles decreased with increasing
temperature, in accordance with the other measured properties. At higher
temperatures, the hindered phenol had no significant effect, while the
FDA-3 terded to increase filterable insolubles somewhat. The most rapid
filter plugging generally occurred in the presence of the phenylenediamine,
in spite of reducing the rate of oxidation and limiting hydroperoxide
formation. When such an increase in insolubles had been previously
observed in the presenc of phenylenediamines, [13], it had been attributed
to thermal degradation of the PDA itself at 200-230"C. In this study,
increases in tube deposits with the PDA did not occur until 310"C, whereas
filterable insolubles increased dramatically above 2700C. This iKiicates
that either the reaction of the PDA with a hydroperoxide is a prerequisite
to the formation of filterable insolubles or, that thermal decomposition of
the PDA below 310°C results in the formation of filterable insolubles.

The effectiveness of the MDA in reducing heater tube deposits in the
JFITr was consistent with the sensitivity of the JF1MT to metal deactivator
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reported [14] with aluminum and stainless steel tubes. In order to define
the relationship of MDA effectiveness to cncentraticn, a series of JFIoT
experiments were conducted with M CUrMrtions raring fram 11.6 to 1.5
mg/L at 260, 280 and 310"C in fuel 8711. The reductions in tube deposit
volumes were measured by the dielectric measuring device (EMD), which was
applicable to the thicker coatirs produced in these 5 hor experiments.
It has been shown [15] that deposit volumes by EMD correlate well with
total carbon by cumbsticn and could be used to ompare levels of tube
deposition. The maximum effectiveness of the MM to reduce deposits from
fuel 8711 was attained after the addition of 1.5 mg MDA/L (Table 3) at 260"
and slightly more at higher teeratures. Further additions of MDA
provided no significant further reductions in tube deposits. Addition of
the MDA to fuel 8711, which peroxidized to a maximum of 0.7 meq/kg at
2800C, afforded no significant reductions in accumjlated hydroperoxides.

Additions of MD to a 50% by volume blend of Jet A fuel 8711 with a
Naval Distillate also produced a strong inhibitory effect on tube
deposition, although slightly more MDA was required. The neat Jet A had
low initial levels of peroxides but the initial hydroperoxide concentration
in the blend was relatively high since the Naval Distillate had an initial
peroxide number of 2.6 meq/kg. The effectiveness of the MDA in suppressing
tube deposition was therefore not campromised by the presence of fuel
peroxides. As with the neat Jet A fuel, the MDA afforded no significant
reductions in hydroperoxides of the blend under the various stress tests.

TABLE 3. 9WIFICATIN OF HEATER 'UE DEPOSITS BY EMD EASUPR IS

Deposit Volue, %Reduction in Volume
MDA, cu.cm. x 10- by MDA

Addition
MF/L 260"C 280"C 310"C 260"C 280"C 310°C

8711 Jet A

0 1006 2883 5107
1.5 124 607 1541 87.7 78.9 69.8
2.9 141 1264 855 86.0 56.2 83.3
5.8 132 511 942 06.9 82.3 81.6
11.6 130 458 805 87.1 84.1 84.2

8711 Jet A + 50% ND

0 1452 1743
0.5 978 1509 32.6 13.4
1.5 888 49.1
2.9 318 568 78.1 67.4
5.3 365 505 74.9 71.0

11.6 388 621 73.3 64.4

CONCLUSIONS

An overall summary of additive influences on the measured properties
of fuels stressed in the JFMT is given in Table 4. A very significant
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reduction (70-85%) in deposits was realized when the metal deactivator was
present, either alone or in combination with a tertiary aliphatic amine
antioxidant in FOA-310. All the additives exhibited inhibitory effects on
insolubles formation and peroxides at lower temperatures, but only those
with the metal deactivator remained effective as the temperature
increased. The mechanism by which the metal deactivator functions
effectively at elevated temperatures is not clear at this time. However,
the similar behavior of MDA in fuels with different peroxide levels
suggests that one mechanism by which it acts involves the heterogeneous
interactions between the fuel and the metal surface of the heater tube
rather than as an antagonist for oxidation reactions. However, it would
seem that this advantage would be lost as the tube surface becomes coated
with an organic deposit and further benefits could then be a result of
reactions of the MnA with the fuel and fuel-soluble constituents. Since
the copper contents of the jet fuels was very low, complextion of soluble
copper was not responsible for the effectiveness of the MDA. The
determination of the copper content of the Naval Distillate has yet to be
completed, so that copper deactivation cannot be ruled out for the blended
fuel.

The tertiary aliphatic amine, FOA-3, was not effective in reducing
insolubles at high temperatures, although peroxide levels were suppressed
throughout. The phenylenediamine was very effective in reducing
peroxidation, but this reduction was accopanied by significant increases
in insolubles. The findings do not allow for any distinction to be made as
to whether the insolubles were due to then.al decoposition of the
phenylenediamine itself or PDA reaction products.

TABLE 4. SEMRY OF ADDITIVE EFECI ON FUEL PROPERTIE
AFIER JF10T STRESSING

Heater Tube Filterable Oxygen
Additive Deosits Insolubles Peroxidation Consumption

ICNOL o o o o
PDA + ++ - -
ROA-3 - + 0
FOA-310 - - o-

o: no or minimal effect, +/-: significant increase/decrease,
+/-: large increase/decrease
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Figure i. Influences of additives on JFTOT heater tube deposits
expressed as total carbon.
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Figure 2. Peroxide concentrations reached in the JFTOT after stressing

Jet A fuel 8237 containing stabilizer additives.
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ABSTRACT

This paper sumarizes the effectiveness of nine commercial stabilizer
additives in nine freshly refined fuels tested under a wide variety of
test conditions. The tests included bottle tests between 43 and 800 C,
ASIM D2274 and oxygen overpressure tests between 43 and 900C. In
addition to these gravimetric tests, some evaluation of additive
effectiveness by a light scattering technique were made. This work
emphasized the usefulness of additives added within 24 hours of fuel
production. The control fuels exhibited a wide range of storage
instability and were selected from U.S. refineries utilizing a wide range
of crude sources and processing. The fuels contained a range of
catalytically cracked stock from less than 10 percent up to 40 percent.

The results of the accelerated storage stability tests will be
discussed. Taken as a whole, it is possible to identify several of the
commercial additives as routinely effective and the bulk of the remainder
as being innocuous at the concentration range studied in this work (24 to
50 rg/liter). In addition to the additives' effect on storage stability,



their effects on other selected fuel properties will also be discussed.

INTRODUCTION

Naval distillate fuel (MIL-F-16884H; NAO F-76) is frequently stored
for several years in strategic reserves. Over these extended periods of
time, fuels tend to degrade forming insoluble products. Stability is a
measure of a fuel's resistance to the formation of insoluble material.
These fuel degradation products can plug fuel system filters and engine
nozzles. Naval distillate fuel stability, with respect to fuel purchases
is measured k% an ASIM accelerated storage test, D2274, which stresses the
sample at 95 C for 16 hr with bubbling oxygen. The maximum amount of
insolubles allowed by D2274 in MIL-F-16884H is 1.5 mg/100 ILil (1]. With
freshly refined fuels containing catalytically cracked light cycle oil
(LCO) stocks above 10% v/v, this test frequently assesses potentially
unstable fuels as quite stable.

Strategic storage stability of F-76 has been of modest concern for
fuels refined by straight run distillation. However, increasing
quantities of crudes are being produced in refineries using catalytic
cracking processes to increase the yield of middle distillate fuels. The
cracked products are blended into straight run streams. The unstable
components, although diluted by the blending, still exert a strong
influence on instability behavior, particularly for long storage periods.

One approach to long term storage problems of this nature is to
monitor fuel quality and to adopt remedial action as necessary. Such
action might involve inmediate use of deteriorating stock or stabilizing
the product with a suitable additive. The latter course is normally the
preferred choice providing additives with adequate performance are at
hand.

Additive manufacturers have indicated that inmediate addition of
stabilizer additives (less than 24 hours after production of the fuel)
ensures the best protection against insolubles formation in any given
fuel. This paper builds on previous work assessing the usefulness of five
comrrcial stability additives in four aged diesel stocks of varying
degrees of instability (2]. This study concluded that several of the
comrcial additives offered a significant improvement in oxidation
stability of the aged fuels and rtnended a program of evaluating more
commercial additives in freshly refined fuels.

In order to properly evaluate the efficacy of the additive, several
freshly refined fuels were used. This is necessary because additives do
not behave the same in all fuels [3]. This paper contains storage
stability and fuel characterization data for several different sets of
fuel blends containing LCO stocks. These studies show that two additives
delayed degradation in the majority of fuels studied and did not cause any
statistically significant degradation. When they were ranked in
comparison with the other additives, they were consistently among the most
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effective. Neither of them caused a fuel to go outside the tolerances
allowed by Military Specification MIl-F-16884H. Therefore, they could be
expected to be reliably beneficial when used in Naval Distillate fuels.

~ERIMENAL

Additives
Nine different additive manufacturers provided additives that were

used in the test fuels. The amount of active ingredient (percent of
actual antioxidant) in these additive packages varied from 15 to 100%;
most contained 70% or greater active ingredient.

The additives were solicited from the commercial sector and are coded
in Table 1. A generic chemical description provided by the manufacturers
is given and six of the nine additives contain strong organic bases
(secondary or tertiary amines). These were blended into the test fuels at
the refinery usually within 24 hours of fuel production and blending.
Details of this procedure are available [3].

Fuels
Five of the nine fuel blends are shown in Table 2 which codes the

fuels and gives their physical/chemi'al properties. All of the fuels
shown contain 30% v/v catalytically cracked tCO in a straight run (SR)
distillate (70% v/v). Most MIL specification requirements are thereby met
except cetane nuirber/index. The relatively high proportion of cracked
stock was both an attempt to simulate possible worst case future fuels and
an attet to simulate a wide range of storage instabilities to
effectively test the stability additives. The resultant fuel stabilities
are given in Table 3 which indicates for five fuels that the desired range
of relative instabilities was achieved.

Accelerated Storace Stability Tests
ASI4 D2274 test procedure at 95 degrees C was followed exactly.

Adherent gums were determined by evaporating the solvent on a hot plate in
place of the D381 steam jet gum method.

Bottle tests at 43, 65 and 80°C used a modification of a method
described by Cooney et al [4]. Test fuels were prefiltered through double
glass fiber filters (Gelman, Type A/E 47 nm) contained in a Buchner
funnel. Triplicate fuel samples (300 ml each) were dispensed into tzred
500 ml amber borosilicate bottles with teflon lined caps. Fuels samples
were then stored in ovens at 430 C for 18 weeks, 65wC for 8 weeks, or
800 C for 2 weeks. During accelerated storage, the bottles were loosely
capped to provide venting. After storage, stressed fuel samples were
filtered through tared Buchner funnels containing a glass fiber filter.
Bottles and filtered sediment contained in funnels were rinsed with three
50 ml portions of hexanes. Bottles and funnels were dried overnight at
120 0 C in a vacuum oven, cooled, removed, then weighed to the nearest 0.1
mg. Two weight measurements (filtered sediment and insoluble adherent
gum) were obtained and corrected for blanks and summed to give a total
weight of insolubles. An alternative procedure to determine adherent gums
consisted of dissolving the gums in 1:1:1 methanol: acetone: toluene and
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gently evaporating the solvent to dryness in a tared beaker or aluminum
weighing dish on a hot plate. No significant differences in total
insolubles by either method was noted.

Tests at 900 C were run by a new oxygen overpressure method in which
100 ml samples of filtered fuel in 125 ml borosilicate bottles were placed
in a low pressure reactor (LPR). The reactor was sealed and pressurized
with 99.5% pure oxygen to 700kPa (100 psig). The samples were stressed,
under pressure, for 16 hrs at 90 0 C. At the end of the stress period,
the pressure was released slowly and the samples were removed and cooled.
The amount of filterable sediment and adherent gum were determined
gravimetrically and reported as total insoluble sediment weight. Samples
were run in triplicate and the average values are given in mg/100ml [5].

Fuel Physical Proerty Characterization
Military specifications require that the fuel used as NDF meet certain

bulk property requirements. Therefore, the control fuels used in these
studies were analyzed for all of the specified properties and results are
reported elsewhere (3,6,7].

Because an additive could have an effect on certain key properties
such as demulsibility, copper corrosion and flash point, additive blends
at 24 ppn were subjected to these tests. Details are reported elsewhere
(3,6,7] but general conclusions are discussed in the next section.

RESULTS AND DISCUSSION

None of the additives had any significant effect on fuel acid number,
ash, copper corrosion, flash point or carbon residue at the 24 ppm level.
Additives 4, 5 and 7, hawever, failed to meet salt water demlsibility
test specifications.

Typical gravimetric results are shown in Tables 4 and 5 for two
unstable fuels. Neat denotes the additive-free fuel blend. The additives
are ranked by insolubles formation by the lowest temperature test
(43 0 C). Table 4 indicates that in a very unstable fuel all of the
additives at 50 ppm exhibited some beneficial effect at both 43 and
65 0 C. Five of the nine are generally assessed to be quite a bit more
effective. The failure of D2274, the current US Navy MIL specification
test to correctly assess this unstable fuel is typical [3]. The test
correctly assessed the stability of only two of the nine test fuel
blends. Furthermore, the test is not at all useful in assessing the
relative effectiveness of the nine additives. When test times are
considerably extended (to about 40 hours), this test exhibits good
correlation to lower temperature results and also is useful in evaluating
the relative effectiveness of additives.

Table 5 shows typical results for a slightly unstable fuel. In
general, fewer of the additives show an improving effect at all test
temperatures. The usefulness of a high temperature oxygen overpressure
test (100 psig oxygen) at short times is clearly demonstrated. The low
pressure reactor (LPR) test assessed the additive-free fuel correctly in
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addition to evaluating the additives when compared with the lower
temperature tests. Additives 4 and 7 are noteworthy exceptions,
indicating the need to possibly extend LPR test times to exceed reaction
induction times.

CONCLUSIONS

The overall summary of results is listed in Table 6. Table 6 shows
the number of times each additive made a statistically significant change
in fuel quality. These changes met the 95% confidence level in the
Student-T test. Each additive was subjected to 26 fuel/test method
trials. The importance of Table 6 is not in the individual lines of data
but in the continuing trends. Additives 2 and 3 continue to delay
degradation in the majority of test fuels, while remaining innocuous in
fuels they do not improve. All other additives caused fuel to degrade in
at least one test. Obviously, this table does not account for the fact
that sane test methods are more accurate than others, and that some of the
fuels are better for testing additives than others. However, it does give
an indication of the overall efficacy of an additive in typical Naval
distillate fuels.

One factor neglected in Table 6 is the extent of solids reduction of
one additive when compared with another. A slight decrease in sediment
which is statistically significant is given the same weight as a major
decrease. Therefore, Table 7 lists the number of times an additive is
included in the top three in reducing sediment. This table shows that
samples 2 and 3 are most often among those reducing sediment to the
greatest extent. For these reasons it is possible to recommend either
mandatory or optional use of these two conmercial additives in US Naval
distillate (NAO F-76) fuels at concentrations of about 50 ppm. In
general, significant increases in fuel storage stability should result
from the use of these amine type additives.

The ASIh D2274 storage stability test has traditionally been an
acceptable method for predicting the quality of distillate fuels.
However, it does not appear to be accurate in differentiating the quality
of additive-free fuels containing LO stocks above 10 or 15% v/v. The
test was even less useful in evaluating the usefulness of the stability
additves in this study.

Finally it is important to note that a new storage stability test
involving oxygen overpressure, the LPR, is also potentially very useful in
quickly and accurately evaluating stability additives for use in mid
distillate diesel fuels.
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As a part of a continuing U.S. Navy mobility fuels flexibilityIprogram, the storage stabilities of 22 military (NAM F-76) fuels and 26
commercial marine fuels from a worldwide survey taken in 1986 were
evaluated. The ccmmercial fuels were marine gas oils (MGO) which are very
similar to current use F-76 fuels. Accelerated storage stability tests
included 43 0 C bottle tests, ASIM D 2274 and a new low pressure reactor
test at 90 0 C and 100 psig overpressure of oxygen. Results fran all
three stability tests on both categories of fuel will be presented along
with conclusions based on fuel type and geographical location.
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INTRODCrI

The U.S. Navy marine fuels have a specification that requires each lot
to pass a minimum accelerated storage stability test. The test method
utilizes the procedure outlined in ASIM D2274, which subjects the test
fuel to a temperature of 950 C for 16 hours while oxygen is bubbled
through the fuel. This specification requires that a fuel shall notIgenerate a total weight of fuel insoluble sediment and gum greater than
1.5 mg/100 ml. This concern for long term storage stability of Naval
Distillate (NATO F-76) fuel comes from the need to store large reserves of
fuel in strategic locations around the world for up to three years at
ambient conditions.

One of the tasks in the U.S. Navy's mobility fuels flexibility programI initiated in 1980 was the survey of critical fuel properties of
commercially available marine fuels for possible future Navy use as
shipboard mobility fuels. This task was accomplished by procuring, during
1982, samples of commercial marine fuels from a variety of locations
around the world which combined the Naval needs of strategic location and
the possibility of local problems in supply of specification grade fuel.
In all, stability data for 36 samples were generated at a variety of
accelerated test conditions and at temperatures ranging from 430 C to
950 C. In comparing the data obtained for the different accelerated
storage stability tests, remarkable agreement was obtained with regard to
the pass/fail designations. It was noted that the higher temperature
stability tests were more stringent in failing possibly acceptable fuels
on the basis of their inherent storage stability. The combination of
these data and other property data led to recommendations that additional
commercial samples be collected to substantiate and extend the data base
begun in this work, that more emphasis should be placed on MGOs and HD4Os
and that the sample collection regions should be enlarged to include more
South American, Mediterranean, African and Far Eastern ports/depots [ 1].

Because of these recommendations, a second worldwide fuel survey was
undertaken in 1986. Samples of commercial marine fuels (MGOs) and ofNaval Distillate (NATO F-76) were procured and submitted for stability
testing. Stability data for 26 MGOs and for 22 F-76 fuels were obtained
The accelerated test conditions are outlined in the Experimental Section
of this paper. The test temperatures ranged from 430 C to 95°C. All
results are tabulated in gravimetric form in mg of total insoluble
sediment per 100 ml of fuel.

EXPERlMqTAL

The fuels used in this work are coded in simple numerical order in
each of the two fuel types, commercial marine gas oil (MGO) and naval
distillate (NATO F-76) and the geographical regions of fuel collection are
shown in Figure 1. The fuels were obtained in 1986 in epoxy lined 5
gallon cans and distributed for stability testing in 1987 in epoxy lined
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one gallon cans. Actual stability testing was done in late 1987 and early
1988.

The 430 C tests were standard bottle tests using 300 ml of filtered
fuel which was stored in brown borosilicate bottles for 18 weeks at
43 0 C. The filterable sediment and adherent insoluble gum were
determined gravimetrically and added together for a total insoluble
sediment weight. Samples were run in duplicate and the average of the two
values are reported in mg/100 ml. Details of the method are given in the
literature [2].

Tests at 900 C were run by a new oxygen overpressure method in which
100 ml samples of filtered fuel in 125 ml brown borosilicate bottles were
placed in a low pressure reactor (LPR). The reactor was sealed and
pressurized with 99.5% pure oxygen to 700kPa (100psig). The samples were
stressed, under pressure, for 16 hrs at 90 0 C. At the end of the stress
period the pressure was released slowl and the samples were removed and

cooled. The amount of filterable sediment and adherent gum were determined
gravimetrically and reported as total insoluble sediment weight. Samples
were run in triplicate and the average values are given in mg/100ml.
Details of the method and construction of the low pressure reactor (LPR)
are given in another paper in this symposium [3].

The 950C tests utilized the procedure outlined in ASTM D2274, which
subjects the test fuel to a temperature of 950C for 16 hours while
oxygen is bubbled through the fuel.

RESU TS AND DISCUSSION

The results for the three storage stability tests for 26 commercial
MGOs are presented in Table 1. From these data it can be seen that these
fuels met the pass/fail criteria set by the Naval Research Lab of 4.0 mg
per 100 ml of fuel for the 430C bottle tests [4] and 900C oxygen
overpressure tests with one exception. The 950 C D2274 test showed good
agreement with the lower temperature tests when the pass/fail limit was
considered. The 950 C test did give one false fail while the LPR test did
not give any but neither one of the tests gave any false passes. MGO 26
failed in all three tests so it is possible that this fuel was mistakenly
categorized as an MGO.

Table 2 gives the results of the three storage stability tests for the
22 military F-76 fuels. These results show that these fuels are quite
stable and passed both the 430C and the 900C tests, with one
exception, but they appear to be slightly more unstable than the
commercial MGOs. The 950 C D2274 test was in general agreement with the
lower temperature tests but it did give more false fails than the LPR test
but there were no false passes when compared to the lower temperature
tests. It is possible that the higher temperature tests are generally
more stringent in assessing possible long term storage problems. The F-76
fuel No.22 failed all three of the storage tests.
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Fuel color was determined according to ASTM D1550 on all the fuels
before and after the 430C/18 week bottle tests. It was determined that
there was no correlation between the color and the instability of the
fuel.

CONCLUSIONS

By comparing the results of the stability tests for the 26 commercial
MGOs, it is apparent that they are quite storage stable worldwide and that
they appear to be more stable than the fuels from the 1982 worldwide
survey. This may be because of a faster rotation of the fuel stocks, the
possibility that stability additives have been added to the fuels and/or
because it is not necessary to blend in as much cracked stock because of
the current abundance of available crudes. The military F-76 fuels are
also quite stable worldwide but were not be as stable as the commercial

* MGOs.

In comparing the pass/fail results for all 48 samples using the three
different accelerated storage stability test, there is very good interlab
and intertest agreement as was observed in the 1982 survey. Comparing the
results of the 950 C D2274 with the lower temperature results indicated
that the test gave some false fails but gave no false passes. It
therefore appears that the D2274 test correctly assesses the stability of
aged fuels or fuels that contain no LCO. However the results of new LPR
test indicate that it also correctly assesses the stability of aged
fuels. In addition, the LPR test also is a good predictor of theU stability of fuels containing LCO. It was also noted that the higher
temperature stability tests were moie stringent in failing possibly
acceptable fuels on the basis of their inherent storage stability. This
was particularly true of the F-76 diesel fuels.
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Table 1

COMERCIAL MGO WORIDWIDE FUEL SURVEY

I Results of Three Storage Stability, Tests in mg/100 ml

Code Sample Bottle LPR
No Location 439 C/18 WK 909C/16 HR D2274

1 Pakistan 0.0 0.9 0.1
2 France 0.1 0.9 0.1
3 Japan 0.1 1.3 0.1
4 Venezuela 0.2 2.6 0.1
5 Egypt 0.2 2.2 0.2
6 U.A.E. 0.2 2.8 0.2
7 Malaysia 0.2 0.8 0.3
8 India 0.3 0.6 0.3
9 Sweden 0.3 0.7 0.1

10 Australia 0.4 0.8 0.2
11 Italy 0.4 1.2 0.2
12 Kenya 0.4 1.3 0.5
13 Belgium 0.6 1.1 0.4
14 Indonesia 0.6 2.0 0.5
15 Peru 0.6 1.7 0.6
16 Brazil 0.7 1.2 0.2
17 Malta 0.7 1.0 0.5
18 Senegal 0.8 1.0 0.6
19 Greece 0.8 1.3 0.7
20 Thailand 0.8 0.8 0.5
21 Singapore 0.9 2.2 0.4
22 England 1.0 1.4 0.5
23 Greece 1.1 1.0 0.3
24 Sirnapore 1.2 2.3 0.425 Saudi Arabia 1.4 1.4 1.9"

26 Netherlands 18.* 12.4 2.8

Pass/Fail 4.0 4.0 1.5

I Values indicate a fuel fails this particular test as indicated by

the pass/fail criterion at the bottan of each column
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Table 2

NAVY DISTILLATE (NATO F-76) WORPWIDE FIUEL SURVEY

Results of Three Storage Stability Tests in rg/100 ml

Code Sample Bottle LPR
No Location 43-C/18 WK 909 C/16HR D2274

1 Scotland 0.2 0.2 0.1
2 Panama 0.2 1.1 0.4
3 Japan 0.2 1.8 0.8
4 Philippines 0.3 3.0 1.8
5 Iceland 0.5 0.7 0.5
6 Scotland 0.4 1.8 0.4
7 England 0.5 1.2 0.8

Turkey 0.6 1.1 1.19 Scotland 0.7 0.5 0.7

10 Japan 0.7 1.3 1.1
1l Guam 0.8 2.0 1.2

12 Dieco Garcia 0.8 1.0 0.913 Japan 0.9 3.0 1.5"

14 Cuba 1.1 0.7 0.4
15 Spain 1.1 1.7 1.0
16 Japan 1.1 2.1 1.7*
17 Bermuda 1.2 1.4 0.3
18 Azores 1.4 2.4 0.7
19 Spain 1.6 1.8 0.8
20 Crete 1.6 3.1 1.8*
21 Portugal 1.7 1.2 1.0
22 Puerto Rico 3.9* 3.9 2.9

Pass/Fail 4.0 4.0 1.5

Values indicate a fuel fails this particular test as indicated by

the pass/fail criterion at the bottom of each column.
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This paper describes a new method for determining a distillate fuel's
tendency for forming deleterious fuel insoluble products during ambient
storage. Oxygen is forced into solution in the fuel at pressures up to
700 kPa (100 psi) at tamperatures up to 800 C for up to 96 hours in order
to accelerate the reactions which take place at ambient pressure and
temperature in the field or laboratory. The method then makes use of
gravimetric determination of the total insolubles formed. The method is
predictive for up to three years of ambient oonditions, and it is rapid
and very precise. It has been used to rank additive free fuels over a
wide range of storage stabilities and has also been useful in assessing
the relative effectiveness of middle distillate fuel stabilizer
(antioxidant) additives.
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Details of the new method will be given along with data comparing
traditional bottle type tests at various temperatures with results from
the new technique. At any given temperature for any given fuel, the data
indicate a significant acceleration of insoluble sediment formation.
Thus, the test has oonsiderable usefulness, both in quality azurance and
as a research tool to investigate autoxidation chemistry.

INTRO McION

Currently utilized methods for assessing storage stability of middle
distillate fuels suffer a variety of drawbacks. Lower temperature bottle
tests are generally the best indicators of storage stability of a
particular fuel, but meaningful results require storage at 40 to 500 C
for between 12 and 18 weeks. At temperatures of 80 0 C and above bottle
storage tests can usually be completed in a reasonably short time, as
little as 24 hours, but these tests are generally poor indicators of
actual ambient fuel reactions leading to insoluble products.

One test widely used in both the c~-mercial and military sectors for a
rapid assessment of fuel storage oxidative stability is the ASTM D2274
method [1]. This test has several major problems. It is not a good
predictor of storage stability for freshly refined middle distillate fuels
which contain any catalytically cracked stocks. Another problem is the
fact that the recommnded fuel incubation time of 16 hours is too short
for many fuels. This leads to two further related problems. The total
amount of insolubles formed is very low and quite difficult to quantify.
Second, and more important, it allows a potentially unstable fuel to pass
the test. Recent attempts to circumvent this second problem in the
military have been to lower the pass criterion (rather than increase the
incubation test time). In the past six years the military procurment
specification maximum has been lowered from 2.5 to 1.5 mg/100ml of fuel.
The primary effect of this has been a worsening of the precision of
replicate analyses both within the laboratories and between laboratories.

The present method evolved from attempts to measure oxygen uptake in
middle distillate fuels using an ASIM D525 oxidation bomb apparatus at
elevated pressures of pure oxygen. During these experiments, it was
apparent that the actual chemically involved oxygen uptake leading to

-minsoluble production was too small to measure by this technique and
further work in this area was abandoned. Other very interesting effects
were noted however. Oxygen solubilization in the fuel occurred very
slowly, large amounts of insolubles formed in short times and good
precision was obtained for replicates when the insolubles were
gravimetrically detenmined. This led to the development of a procedure to
purposely accelerate the instability reactions by oxygen overpressure and
to attempt to relate this new procedure to traditionally accepted tests
run at atmospheric pressure and close to ambient temperatures.

I
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Sample containers were borosilicate glass bottles capable of holding
10ml of sample but not greater than 15aml total volume. A top closure of
aluminum foil with small holes for oxygen exchange was used. A reactor wasconstructed from a 1A air cylinder (9 inches in diameter) by cutting off a

*section about 10 inches long and welding a bottc plate of half inch
stainles ste. The top was a half inch stainless steel plate about 10
inches in diameter fitted with a bellws isolation valve and an adjustable
pressure relief valve along with a small pressure gauge. The reactor was
sealed with a neoprene o-ring which was placed in a groove machined intothe top of the reactor. The top plate was held in place with nuts threaded
onto eight 5/8 inch steel rods which were welded into the bottom plate.
The entire vessel was pressure tested hydrostatically at 200psig. The
relief valve was set for 120 psig. Other reactor designs have also been
used successfully.

3 The reactor was placed in either a water/ethylene glycol bath or an
explosion proof oven. The source oxygen was 99.51 purity. The hydrocarbon
solvent was hexane. Adherent insolubles solvent was an equal volume
mixture of acetone, toluene, and methanol. All solvents were CP grade.
Filtration medium for the gravimetric determination of suspended
insolubles was Gelman type A/E glass fiber filters with a nominal 1.2I micron porosity.

Sample bottles were initially rinsed with adherent insolubles solvent
followed by water. They were then washed in a mildly alkaline or neutral
pH laboratory detergent, rinsed with distilled water and dried. Aluminum
weighing dishes used in the determination of adherent insolubles were
first cleaned in adherent insolubles solvent for several minutes and
allowed to dry. One dish was placed within a second dish for each sample
replicate to be run.

Each sample replicate was prefiltered through Gelman type A/E glass
fiber filters and 10ml aliquots were placed in the cleaned bottles using
a graduated cylinder. Each blank and sample bottle was placed in the
reactor which was capable of holding up to 22 individual sample
containers. A minimum of three replicates for each sample and blank was
used. The reactor was slowly pressurized to about 800 kPa (100psia). Then
the pressure was slowly released. The reactor was then pressurized and
depressurized again. The third and final time, the pressure was adjusted
to 700kPa and recorded. The isolation valve was closed and the reactor
placed in the thermostated bath or oven.

After the incubation period at temperature, the pressure was slowly
released and the sample bottles removed and allowed to cool in the dark to
room temperature for a minimum of four hours. The samples were not exposed
to light until immediately prior to filtration.
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Two filters for each sample and blank replicate were weighed together
to the nearest 0. lng. The weighed filters were placed in a vacuum filter
funnel and rinsed with 50ml of hexane. This was followed by filtration of
the contents of a sample bottle. The bottle was rinsed with 50ml of hexane
and the rinse poured through the filter. The filter holder was washed down
with hexane from a rinse bottle.

The bottle was then carefully rinsed with two 15ml portions of
adherent insolubles solvent. The entire inner surface of the bottle was in
contact with this solvent. The solvent was poured into an aluminum
weighing dish assembly which had been weighed to the nearest 0.1 mg. This
was placed on a hot plate at low heat to slowly evaporate just to dryness.
This procedure was also followed for each of the blank correction bottles.

The sample and blank filters and adherent insolubles weighing dish
assemblies were placed in a drying oven at 1200 C and dried for at least
four hours. They were removed from the oven and allowed to cool to ambient
for about four hours. Each filter and weighing dish assembly was weighed
to the nearest 0. lig. Total insolubles were coputed by summing the weight
gain of the filter plus the weighing dish with appropriate corrections
for filter blanks and weighing dish blanks. The average of the replicates
was calculated along with the standard deviation of a single determination

RESULTS AND DISCUSSION

Development Of The Oxygen Overpressure Protocol. Two test temperatures
were initially chosen to span a range of low temperature, long time bottle
test methods (43 0 C) and high temperature, shorter time bottle test
methods (80°C). A well characterized diesel fuel containing 30%
catalytically cracked stock was chosen to test effects of varying the
oxygen partial pressure and the total pressure. In addition, the effect of
tim at constant temperature and pressure was investigated.

Four pressures of oxygen were run at 800C for 64 hours; 25, 50, 75
and 100 psia. The results are given in Table I and depict a linear
dependence of gravimetrically determined total insoluble production as a
function of oxygen pressure. A second series of experiments was run at 100
psia total pressure but using oxygen/nitrogen mixtures at partial oxygen
pressures of 25, 50 and 75 psia. These data in Table I indicate that it
is the molar amount of oxygen present rather than an increase in oxygen
dissolution that is controlling the reaction leading to fuel insoluble
products. This is ascribed to the equilibrium of the insolubles producing
reactions being forced to the right and not an increase in the rate of
insoluble formation at a given temperature and reaction time. By forcing
the equilibrium of these insolubles forming reactions that would proceed
at ambient temperatures, the test time can be considerably reduced at any
given temperature.
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Previous work on bulk distillate fuel storage stability has clearly
demonstrated a linear Arrhenius relationship in the temperature range
between about 20 and about 40 0 C where total fuel insolubles doubles for
each 100 C rise in temperature [2,3]. This means that a laboratory
stability test run at 40 0 C for 13 weeks approximates testing at 20 0C
for 1 year. This is the basis for an ASIM D 4625 bottle test regimen at
43 0 C (110 0F). A continuation of this type of argument with increasing
temperature gives a testing time at 60°C for 3 weeks or at 80 0C of 6
days which should approximate 1 year of 200 C storage. Assuming from the
data in Table 1 that the effect of oxygen on insolubles formation is
linear, a 30-fold increase in oxygen availability by substituting pure
oxygen at 100 psia for air at 15 psia would mean about 5 hours at 800 C
would approximate total insolubles formation at 200 C for 1 year. SinceI the test is meant to be predictive, 15 hours at 80°C would approximate 3
years at 20 0 C. Since the theoretically possible maximum acceleration is
not reached in reality, it is generally necessary to increase the test
time at a given temperature. This will be discussed in a subsequent
section of this paper.

Relative Evaluation Of Middle Distillate Fuel Storage Stability. Five
middle distillate fuels were chosen to evaluate the oxygen overpressure
method. The five fuels have been well characterized [4) and have undergone
numerous different time/temperature accelerated storage stability tests at
atmospheric pressure. The fuels spanned a range of predicted storage
stability from very stable to very unstable as ranked by bottle tests at

430C (slight variation of ASIM 4625) [5].

Two test temperatures were chosen. The first was 430C for 4 weeks
at an oxygen pressure of 100 psia and the second was 80°C for 64 hours
at an oxygen overpressure of 100 psia. The results for the lower
temperature test are shown in Table 2 along with atmospheric pressure
bottle test data for the fuels at 43°C for 18 weeks. The results for

the higher temperature test are shown in Table 3 along with the data for
these fuels tested in bottle tests at atmospheric air pressure and 800C
for two weeks. The relative stability rankings in both temperature cases
is identical over the wide range of total insolubles formed in both the
lower and higher pressure cases. If a ratio of total insolubles is
calculated as in Table 2, it can be seen that the results at higher
pressures and shorter times range between 1 and 1.9 for the five fuels.
This indicates that the time acceleration of 4.5 (= 18wks/4wks) at higher
pressures is actually about 1.5 times %reater or about a seven fold
increase. In Table 3, the ratio for 80 C is higher, ranging between 2
and 3. This shows that the time acceleration of about 5 (=186hrs/64hrs)
at higher pressures is actually about 2.5 times higher or about a 12 fold
acceleration.

The Effect of Pressure and Time at Pressure for Various Fuels. The effect
of pressure on the five test fuels was examined at two temperatures, 430
and 800C, over a range of 3 to 100 psia of oxygen. The results are
given in Figure 1 for 800C and in Figure 2 for the 430C regimen. At
the higher temperature the test time was held constant at 64 hours. In
general, all fuels showed an increase of insolubles with increasing oxygen
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pressure. The more unstable fuels showed greater dependence of insolubles
formation on oxygen pressure. At the lower temperature the test time was
held constant at 4 weeks. In this case, the effect of pressure was much
less than at the higher temperature, especially for the more stable
fuels. The more unstable fuels showed an apparent oxygen independence
above 50 psia.

I If the partial pressure, or molar concentration, of oxygen is high
relative to reactive insoluble precursors at 430 C, the precursors
essentially become the limiting reagent in the reaction pathway and
further elevation of oxygen pressure would not increase the amount of
insolubles formation (Figure 2). As the temperature is raised, more
reactive insolubles precursors and pathways to insolubles formation become
available and so insoluble products increase with increasing pressure as
shown in Figure 1.

It is significant that the five fuels are ranked identically at both
temperatures and at all oxygen pressures. This means that by judiciously
selecting higher temperatures and oxygen pressures, one may conveniently
shorten the time of oxidation without sacrificing the chemical equivalence
of the ambient oxidation. Figure 3 shows results for five fuels spanning
a broad range of stability when tested at 43 0 C for 18 weeks in
atmospheric air bottle tests. The five fuels were also tested at 430 C
for 4 weeks at 100 psia oxygen. A linear least squares correlation, R2 ,
gives 0.98 for these two tests (Figure 3). The correlation between
43 0 C/4wks/100psia oxygen and 80°C/64hrs/lOOpsia oxygen is 0.97 for
these same five fuels. This is a clear indication that a cmbination of
increased temperature and increased oxygen pressure together should be
quite useful to predict ambient storage stability for most mid-distillate
fuels.

Figures 4 and 5 show the effects at 80°C and 43 0 C of varying the
time at 100 psia oxygen for five fuels. In Figure 4, the major effect is
the greater ability to differentiate between fuels at the longer test time
(96 hours). If there is no need to finely differentiate fuels, the test
time could be reduced to 32 hours. At 430C (Fig. 5) the same effect is
noted. At 2 weeks, one is effectively predicting storage stability at
ambient conditions of about 14 months.

EValuation of Stabilizer Additives in Mid-Distillate Fuels. In addition
:o testing mid-distillate fuels to assess their relative stabilities, the
:est method should be able to differentiate the relative effectiveness of
,arious stabilizer (antioxidant) additives added to a particular fuel to
ontrol insolubles formation. For this work, two relatively unstable
luels were chosen. Up to twelve different commercial stabilizer additives
,ere blended into each fuel. Fuel A was tested at 430C for 18 weeks at
timospheric pressures and at 43 0 C for 4 weeks at 100 psia oxygen. The
esults are given in Table 4 and the data is ranked on the basis of the
dditives effect in reducing insolubles in the atmospheric test. TwoI nclusions are evident. There is remarkable agreement in the ranking of
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additive effectiveness. Second, the oxygen overpressure test is about
one-third more stringent than the bottle test, i.e., the overpressure test
could have been shortened to about 3 weeks to yield the same amount of
insolubles.

The results for Fuel B are given in Table 5. This fuel was tested at
430 C for 18 weeks in abtospher c pressure bottles and at 650C for 7
days at 100 psia oxygen. The R' values given in both Table 4 and Table5 indicate excellent correlation between the accepted 430C bottle testsand the oxygen overpressure tests.

CONCLUSIONS

Analytically, the advantages of this new method over previous methods
are its greatly reduced test times and its excellent precision for
replicate samples. Chemically, the advantages are its excellent
correlations with lower temperature bottle tests, its good discrimination
of stability between fuels and most importantly, its ability to accurately
predict insolubles formation of various fuels during ambient storage.Systematic extension of the test to higher temperatures and shorter timeswill be the subject of a subsequent report.
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Table 1

Effect of oxygen Pressure on Total Insolubles Formed
at 80 0 C for 64 hrs. Test Fuel: Blend of

30% Catalytically Cracked Light Cycle Oil and
70% Straight Run Distillate

Partial PI

Oxygen Pressure Total Pressure Insolubles Formed (m/100ml)
25 25 1.5
50 50 4.2
75 75 5.9
100 100 8.3
25 100" 3.0
50 100" 4.4
75 100 6.2*Brought to total indicated p-ressure using Nitrogen.

Table 2

Comparison of Total Insolubles Generated at 430 C for Five Fuels
Atms refers to bottle tests at atr #ieric air pressure

100 psia refers to oxygen overpressure tests

Total Sediment. ma/100ml
Fuel Code4 18wk/atms 4 Ratio

1 1.0 0.9 1.0
2 2.2 2.9 1.5
3 4.4 5.2 1.2
4 7.1 13.8 1.9
5 15.3 24.3 1.8
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ITable 3

Comparison of Total Insolubles Generated at 800 C for Five Fuels
Atms refers to bottle tests at atmospheric air pressure

100 psia refers to oxygen overpressure tests

Total Sediment. m/100ml
Fuel Code 8_OC/2wk/atms 8_c/64hrs/LOOpsia Ratio

1 1.0 1.9 2.0
2 2.0 4.8 2.4
3 4.0 9.8 2.5
4 6.7 16.1 2.4
5 11.8 36.4 3.0

I

Table 4

Total Insolubles Generated in Fuel A By Two Different Test Methods
Each sample number is the identical base fuel with 12 different additives

Standard Deviation refers to triplicate determinations
R'= 0.80

Sample 43°C/18wks STD 430C/4wks
Number bottle, mg/100ml DEV 100 psia Oxv.mcr/lOml EV
2 6.6 0.1 9.5 0.1

10 7.6 0.3 9.9 0.4
11 8.2 0.3 12.1 0.7
12 8.4 0.1 12.5 0.7

3 8.5 0.2 12.2 1.1
8 10.5 0.1 13.2 0.3
6 10.7 0.6 12.4 0.4
9 10.8 0.1 13.4 0.2
1 10.9 0.4 15.0 0.2
5 11.0 0.2 13.1 0.94 11.2 0.4 14.4 0.2

Neat 11.3 0.4 14.6 0.1
7 11.5 0.5 14.3 1.3
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Table 5

Total Insolubles Genermted in Fuel B by Tio Different Te~st Methods

Eachi Sanple Nmrker is the Identical, Base Fuel with 10 Different Additives

RU 0.92

Isanpie 430 C/18wks STD5C/dysS
Nmbr bottle .ija/10-ftl DE 100 neja oxvvi0il t

2 1.9 0.2 0.8 0.1

10 2.5 0.1 0.9 0.5

3 2.8 0.1 2.5 0.6
4 3.9 0.2 4.4 0.1

9 4.3 0.0 4.8 0.8U6 4.5 0.0 4.0 0.5
8 4.7 0.2 4.8 0.1

1 5.2 0.1 6.1 0.7
5 5.6 0.1 6.5 0.2

7 5.6 0.2 5.3 0.1
Neat 6.2 0.2 6.5 0.5
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Assessing Distillate Fuel Storage Stability by Oxygen
Overpressure
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This paper describes a new method for predicting distillate fuel's tendency for forming deleterious
fuel insolubles during ambient storage. Oxygen is forced into solution in the fuel at pressures up
to 794 kPa (100 psig). The fuel is stressed under conditions of accelerated storage. The method then
makes use of gravimetric determination of the total insolubles formed. This rapid and precise method
is predictive for up to 3 years of ambient conditions. It has been used to rank additive-free fuels
over a wide range of storage stabilities and has also been useful in assessing the relative effectiveness
of middle-distillate fuel stabilizer (antioxidant) additives.

Introduction lower the pass criterion (rather than increase the incuba-
Currently utilized methods for assessing storage stability tion test time). In the past 6 years the military procure-

of middle-distillate fuels suffer a variety of drawbacks. ment specification maximum has been lowered from 2.5
Lower temperature bottle tests are generally the best in- to 1.5 mg/100 mL of fuel. The primary effect of this has

dicators of storage stability of a particular fuel, but been to worsen the precision of replicate analyses both
meaningful results require storage at 40-60 0 C for between within the laboratories and between laboratories.
12 and 18 weeks. At temperatures of 80 °C and above, The present method evolved from attempts to measure
bottle storage tests can usually be completed in a reason- oxygen uptake in middle-distillate fuels using an ASTM
ably short time, as little as 24 h, but these tests are gen- D 525 oxidation bomb apparatus at elevated pressures of
erally poor indicators of actual ambient fuel reactions pure oxygen. During these experiments, it was apparent
leading to insoluble products."-2  that the actual chemically involved oxygen uptake leading

One test widely used in both the commercial and mili- to insoluble production was too small to measure by this

tary sectors as a rapid assessment of fuel storage oxidative technique and further work in this area was abandoned.
stability is the ASTM D 2274 method. 3  This test has Other very interesting effects were noted however. Oxygen
several major problems. It is not a good predictor of solubilization in the fuel occurred very slowly, large
storage stability for freshly refined middle-distillate fuels amounts of insolubles formed in short times, and good

that contain any catalytically cracked stocks. Another precision was obtained for replicates when the insolubles
problem is the fact that the recommended fuel incubation were gravimetrically determined. This led to the devel-
time of 16 h is too short for many fuels.12 This leads to opment of a procedure to purposely accelerate the reac-
two further related problems. The total amount of in- tions leading to the formation of fuel insoluble sediments

solubles formed is very low and quite difficult to quantify.
Second, and more important, it allows a potentially (1) Stirling. K. Q.; Brinkman, D. W. NIPER-352; National Institute
unstable fuel to pass the test. Recent attempts to cir- for Petroleum and Energy Research: Bartlesville. OK, 1988.

u tthis second problem in the military have been to o(2) Hardy. D. R; Beal, E. J.. Hazlett, R. N.; Burnett. J. C. Evaluationcumventof Commercial Stability Additives For Naval Distillate Fuel. In Pro-
ceedings of the Third International Conference on Stability and Han-

dling of Liquid Fuels; Institute of Petroleum: London; in press.
Naval Research Laboratory. (3) Oxidation Stability of Distillate Fuel Oil; ASTM D 2274-74: Am-
GEO-Centers, Inc. erican Society for Testing and Materials: Philadelphia. PA, 1982.
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by oxygen overpressure and to attempt to relate this new Table 1. Effect of Oxygen Pressure on Total Insoluble@
procedure to traditionally accepted tests run at atmos- Formed at 80 "C for 64 h for a Test Fuel'
pheric pressure and close to ambient temperatures. pressure.b ps ia

total insolubles formed.
Experimental Section partial oxygen pressure pressure mg/ 100 mL of fuel

Sample containers were borosilicate glass bottles capable of 25 25 1.5
holding 100 mL of sample but not greater than 150 mL total 50 50 4.2
volume. A top closure of aluminum foil with small holes for oxygen 15 75 5.9
exchange was used. A reactor was constructed from a 1A air 100 100 8.3
cylinder (9 in. in diameter) by cutting off a section about 10 in. 25 100y 3.0
long and welding a bottom plate of '/ 2-in. stainless steel. The 50 100' 4.4
top was a '/ 2-in. stainless-steel plate about 10 in. in diameter fitted 1 100' 6.2
with a bellows isolation valve and an adjustable pressure relief The test fuel is a blend of 30% catalyticaUv cracked light-cycle
valve along with a small pressure gauge. The reactor was sealed oil and 70% straight run distillate. b 100 psia - 690 kPa. I Brought
with a neoprene o-ring, which was placed in a groove machined to total indicated pressure by using nitrogen.
into the top of the reactor. The top plate was held in place with
nuts threaded onto eight /rin. steel rods, which were welded into ambient temperature for about 4 hours. Each filter and weighing
the bottom plate. The entire vessel was pressure tested hydro- dish assembly was weighed to the nearest 0.1 mg. Total insolubles
statically at 1484 kPa (200 psig). The relief valve was set for 932 were computed by summing the weight gain of the filter (the
kPa (120 psig). Other reactor designs have also been used suc- so-called filterable insolubles formed) plus the weight gain of the
ceasfully. weighing dish (the so-called adherent gum insolubles formed) with

The reactor was placed in either a water/ethylene glycol bath appropriate corrections for blanks. The average of the replicates
or an explosion-proof oven. The source oxygen was of 99.5% was calculated along with the standard deviation of a single
purity. The hydrocarbon solvent was hexane. Adherent gum determination.
solvent was an equal volume mixture of acetone, toluene, and
methanoL All solvents were CP grade. Filtration media for the Results and Discussion
gravimetric determination of suspended insolubles were Gelman Development of the Oxygen Overpressure Protocol.
type A/E glass fiber filters with a nominal 1.2-aIm porosity. Two test temperatures were initially chosen to span a range

Sample bottles were initially rinsed with adherent gum solvent of low-temperature, long-time bottle test methods (43 *C)
followed by water. They were then washed in a mildly alkaline and high-temperature, shorter time bottle test methods
or neutral pH laboratory detergent, rinsed with distilled water, (80 *C). A well-characterized diesel fuel containing 30%
and dried. Aluminum weighing dishes used in the determination catalytically cracked stock was chosen to test effects of
of adherent insolubles were first cleaned in adherent gum solvent the oxygen partial pressure and the total pressure.
for several minutes and allowed to dry. One dish was placed within varying
a second dish for each sample replicate to be run. In addition, the effect of time at constant temperature and

Each sample replicate was prefiltered through Gelman type pressure was investigated.
A/E glass fiber filters and 100-mL aliquota were placed in the Four pressures of oxygen were run at 80 °C for 64 hi 173,
cleaned bottles by using a graduated cylinder. Each blank bottle 346, 518, and 690 kPa (25, 50, 75, and 100 psia). The
and sample bottle were placed in the reactor, which was capable results are given in Table I and depict a linear dependence
of holding up to 22 individual sample containers. A minimum of gravimetrically determined total insoluble production
of three replicates for each imple and blank was used. The as a function of oxygen pressure. A second series of ex-
reactor was slowly pressurize- .; about 794 kPa (100 psig). Then periments was run at 690 kPa (100 psia) total pressurethe prewe aslowly relsed. The reactor was then pressurized but using oxygen/nitrogen mixtures at partial oxygen
and depresurized again. The third and final time, the pressure
was adjusted to 794 kPa and recorded. The isolation valve was pressures of 173, 346, and 518 kPa (25, 50, and 75 ps).
closed and the reactor placed in the thermostated bath or oven. These data in Table I indicate that it is the molar amount
The oxygen pressure was continually monitored by an attached of oxygen present rather than an increase in oxygen dis-
pressure gauge. A final pressure of about 828-897 kPa (105-115 solution that is controlling the reactions leading to fuel-
psig) was attained depending upon the incubation temperature. insoluble products. This is ascribed to the equilibrium of
No measurable pressure decrease was ever observed. Separate the insolubles-producing reactions being forced to the right
sets of experiments were performed to test the effects of sample and not an increase in the rate of insoluble formation at
stirring on total sediment production. No measurable effect was a given temperature and reaction time. By forcing of the
noted. equilibrium of these insolubles-forming reactions that

After the incubation period at temperature, the pressure was would proceed at ambient temperatures, the test time can

slowly released and the sample bottles removed and allowed to
cool slowly in the dark to room temperature for a minimum of be considerably reduced at any given temperature.
4 hours The samples were not exposed to light until immediately Previous work on bulk distillate fuel storage stability has
prior to filtration. clearly demonstrated a linear Arrhenius relationship in the

Two filters for each sample and blank replicate were weighed temperature range between about 20 and 40 °C where total
together to the nearest 0.1 mg. The weighed filters were placed fuel insolubles double for each 10 0C rise in temperature.-5

in a vacuum filter funnel and rinsed with 50 mL of hexane. This This means that a laboratory stability test run at 40 °CE wes followed by filtration of the contents of a sample bottle. The for 13 weeks approximates testing at 20 °C for 1 year. This
bottle was rinsed with 50 mL of hexane and the rinse poured is the basis for an ASTM D 4625 bottle test regimen at
through the filter. The filter holder waswashed down with hexane 43 °C (110 °F). A continuation of this type of argument
from a rinse bottle.

The bottle was then carefully rinsed with two 15-mL portions with increasing temperature gives a testing time at 60 °C
of adherent gum solvent. The entire inner surface of the bottle for 3 weeks or at 80 °C of 6 days which should approximate
was in contact with this solvent. The solvent was poured into 1 year of 20 *C storage. A 30-fold increase in oxygen
an aluminum weighing dish assembly that had been weighed to availability by substituting pure oxygen at 690 kPa for air
the nearest 0.1 mg. This was placed on a hot plate at low heat at 104 kPa (15 psia) would mean about 5 h at 80 0 C would
to slowly evaporate just to dryness. This proocedure was alsoIfollowed for each of the blank correction bott les. 14) Hardy, D. R.: Hazlett. R. N. SAE Technical Paper Seres NoThe sample and blank filters and weighing dish assemblies were 860895: SAE: New York. 1986.
placed in a drying oven at 120 1C and dried for at least 4 hours 5) White. E. W. Special Techrcal Pu licattort531 American Society
They were removed from the oven and allowed to cool to the for Testing and Materials: Philadelphia. PA. 1973.
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Table II. Comparison of Total Insoluble. Generated at 43 40,

*C for Five Fuels' 3U

total sediment, rng/100 mL offuel 30

fuel 43 -C/18 43 'C/4 2SI ~codeI weeks/atms weeks/100 pss ratio z 0- *

2 2.2 2.9 1.5 - . FUEL 4

515.3 24.3 1.8
Atma refers to bottle tests at atmospheric air pressure. 100 a ... FUEL 2

pas refers to oxygen overpressure tests. 100 psi, - 690 kPa. 0t FUEL I.
0 20 40 s0 so 100

Table Il1. Comparison of Total Insoluble* Generated at 80 PSIA OF OXYGEN
*C for Five Fuels Figure 1. Effect of pressure on the five fuels: LPR data, 80 *C

for 64 h; psia (100 psia = 690 kPa) vs total insolubles. For thetotal sediment, mg/100 nL average of triplicate runs, the standard deviation is <1.0.
of fuel

fuel 80 "C/2 80 'C/64 23 i
code weeks/atms h/100 pasi ratio A 'FUEL S

1 1.0 1.9 2.0 A !

2 2.0 4.8 2.4 20
3 4.0 9.8 2.5 0

46.7 16.1 2.4 e Is-
5 11.8 36.4 3.0 "F

*Atms refers to bottle teats at atmospheric air pressure. 100 " 12 _
pa refers to oxygen overpressure tests. 100 psi - 690 kPa. -J

approximate total insolubles formation at 20 °C for 1 year. FUEL
Since a desirable test should be predictive, 15 h at 80 °C 3 +FUEL3
would approximate 3 years at 20 *C. Since the theoreti- 0 FUEL I
cally possible maximum acceleration is not reached in 0 20 40 so so 100

reality, it is generally necessary to increase the test time POA OF OXYGEN
at a given temperature. This will be discussed in a sub- Figure 2. Effect of pressure on the five fuels LPR data, 43 *C
sequent section of this paper. for 4 weeks; psia (100 psia - 690 kPa) va total insolubles. For

Relative Evaluation of Middle-Distillate Fuel the average of triplicate runs the standard deviation is <1.5.
Storage Stability. Five middle-distillate fuels were h) at higher pressures is actually about 2.5 times higher
chosen to evaluate the oxygen overpressure method. The or about a 12-fold acceleration.
five fuels have been well characterizedg and have un- Effect of Pressure and Time at Pressure for Var-
dergone numerous different time/temperature accelerated ious Fuels. The effect of pressure on the five test fuels

storage stability tests at atmospheric pressure. The fuels was examined at two temperatures, 43 and 80 °C, over a
spanned a range of predicted storage stability from verystabe t ver untabe asraned b botletest at~ @ range of 21-690 kPa (3-100 psia) of oxygen. The results
stable to very unstable as ranked by bottle tests at 43 °C are given in Figure 1 for 80 °C and in Figure 2 for the 43
(slight variation of ASTM D4625).7  0C regimen. At the higher temperature the test time was

Two test temperatures were chosen. The first was 43 held constant at 64 h. In general, all fuels showed an
C for 4 weeks at an oxygen overpressure of 690 kPa (100 increase of insolubles with increasing oxygen pressure. The

psia) and the second was 80 SC for 64 h at an oxygen more unstable fuels showed greater dependence of insol-overpressure of 690 kPa (100 psia). The results for the ubles formation on oxygen pressure. At the lower tem-
lower temperature test are shown in Table II along with perature the test time was held constant at 4 weeks. In
atmospheric pressure bottle test data for the fuels at 43 this case, the effect of pressure was much less than at theIC for 18 weeks. The results for the higher temperature higher temperature, especially for the more stable fuels.
test are shown in Table III along with the data for these The more unstable fuels showed an apparent oxygen in-
fuels tested in bottle tests at atmospheric air pressure and dependence above 345 kPa (50 psia).
80 *C for 2 weeks. The relative stability rankings in both If the partial pressure, or molar concentration, of oxygen
temperature cases are identical over the wide range of total is high relative to reactive insoluble precursors at 43 *C,
insolubles formed in both the lower and higher pressure the precursors essentialy become the limiting reagent in
cases. If a ratio of total insolubles is calculated as in Table the reaction pathway and further elevation of oxygen
II, it can be seen that the results at higher pressures and pressure would not increase the amount of insolubles
shorter times range between 1 and 1.9 for the five fuels. formation (Figure 2). As the temperature is raised, more
This indicates that the time acceleration of 4.5 (-18 reactive insolubles precursors and pathways to insolubles
weeks/4 weeks) at higher pressures is actually about 1.5 formation become available, and so insoluble products
times greater or about a 7-fold increase. In Table III, the increase with increasing pressure as shown in Figure 1.ratio for 80 *C is higher, ranging between 2 and 3. This It is significant that the five fuels are ranked identicallyshows that the time acceleration of about 5 (-336 h/64 at both temperatures and at all oxygen pressures. This

means that by judiciously selecting higher temperatures
(6) Briankman, D. W.; Stirling, K. Q. NIPER-22, National Institute and oxygen pressures, one may conveniently shorten the

for Petroeum and Energy Rmeercir Bartleville. OK. 1987. time of oxidation without sacrificing the chemical equiv-
(7) DtilWate Fuel Storwge Stability at 43 C(l1O OF); ASTM D

4625-86; American Society for Testing and Materials Philadelphia, PA, alence of the ambient oxidation. Figure 3 shows results
1986. for five fuels spanning a broad range of stability when
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z-, _ _Table IV. Total Insoluble. Generated in Fuel A by Two

w 24 r,- JDifferent Test Methods'
0 L FUELS 1- total insolubles total insolubles
.Cu m - 2=0.9 (43 *C/18 weeks, (43 "C/4 weeks.

- sample bottle), mg/100 std 690 kPa of 02), std
2 no. mL of fuel dev mg/100 mL of fuel dev

z 2 6.6 0.1 9.5 0.1
- 10 7.6 0.3 9.9 0.4

12 11 8.2 0.3 12.1 0.7
,- 12 8.4 0.1 12.5 0.7

I3 8.5 0.2 12.2 1.1I 8 10.5 0.1 13.2 0.3
4 6 10.7 0.6 12.4 0.4

L 9 10.8 0.1 13.4 0.2

I _01__ _,_,_, _ _ _ __,_ _ _. . . . . 1 10.9 0.4 15.0 0.2
0 2 4 S a 10 12 14 is 5 11.0 0.2 13.1 0.9

43C 1S WEEK BOTTLE TEST 4 11.2 0.4 14.4 0.2

(10/100 ML TOTAL INSOLUBLES) neat 11.3 0.4 14.6 0.1
Figure 3. Comparison of 43 "C/18 weeks bottle tests with 43 7 11.5 0.5 14.3 1.3
*C/4 weeks LPR tests. 100 psia u 690 kPa; std dev < 1.5. Each sample number is the identical base fuel with 12 different

additives. Standard deviation (std dev) refers to triplicate deter-
'FUEL 5 mination. R2 - 0.80.

Table V. Total Insoluble Generated in Fuel B by Two
35- Different Test Methods"

0o 3 total insoluble total ineolubles
Z (43 *C/18 weeks, (65 *C/7 days.

sample bottle), mg/100 std 690 kPa of 02), std
20 FUEL no. mL of fuel dev mg/100 mL of fuel dev

2 1.9 0.2 0.8 0.1
is_ 10 2.5 0.1 0.9 0.5

FUEL 3 3 2.8 0.1 2.5 0.6
--s -- _ _-- _ + FUEL2 4 3.9 0.2 4.4 0.1

____U____9 4.3 0.0 4.8 0.8
0 - - F 6 4.5 0.0 4.0 0.5
30 so 70 90 8 4.7 0.2 4.8 0.1

HOURS AT I00 PS OXYGEN 1 5.2 0.1 6.1 0.7

Figure 4. Effect of varying the reaction time on the five fuels- 5 5.6 0.1 6.5 0.2
LPR data, 80 C at 100 psia (690 kPa); hours v total insolubles. 7 5.6 0.2 5.3 0.1
For the average of triplicate runs the standard deviation is <1.0. neat 6.2 0.2 6.5 0.5

1_ Each sample number is the identical base fuel with 10 different
FUEL 4 additives. Standard deviation (std dev) refers to triplicate deter-14 minations. RI - 0.92.

f 12 between fuels at the longer test time (96 h). If there is no

need to finely differentiate fuels, the test time could be
-- reduced to 32 h. At 43 0 C (Figure 5) the same effect is

PU L noted. At 2 weeks, one is effectively predicting storage

FUE 2 stability at ambient conditions of about 14 months.
Evaluation of Stabilizer Additives in Middle-Dis-

4tillate Fuels. In addition to testing middle-distillate fuels
2_ FuEL I to assess their relative stabilities, the test method should

be able to differentiate the relative effectiveness of various
0 Stabilizer (antioxidant) additives added to a particular fuel

3 4 5 6 to control insolubles formation. For this work, two rela-WEEKS AT IMA OXYGENti ey u sa l ful we e c o e . U to 1 dfer n

Figure 5. Effect of varying the reaction time on the five fuels: tively unstable fuels were chosen. Up to 12 different
LPR data, 43 "C at 100 Peia (690 kPa); weeks vs total insolubles. commercial stabilizer additives were blended into each fueL
For the average of triplicate runs the standard deviation is <1.5. Fuel A was tested at 43 OC for 18 weeks at atmosphericpressures and at 43 °C for 4 weeks at 690 kPa of oxygen.

tested at 43 *C for 18 weeks in atmospheric air bottle tests. The results are given in Table lV, and the data are ranked
The five fuels were also tested at 43 °C for 4 weeks at 690 on the basis of the additives effect in reducing insolubles
kPa (100 psia) oxygen. A linear least squares correlation, in the atmospheric test. Two conclusions are evident.
R2, gives 0.98 for these two tests (Figure 3). The correlation There is remarkable agreement in the ranking of additive
between 43 *C/4 weeks/690 kPa of oxygen and 80 °C/64 effectiveness. Second, the oxygen overpressure test is
h/690 kPa of oxygen is 0.97 for these same five fuels. This about one-third more stringent than the bottle test; i.e.,
is a clear indication that a combination of increased tem- the overpressure test could have been shortened to about

perature and increased oxygen pressure together should 3 weeks to yield the same amount of insolubles.
be quite useful to predict ambient storage stability for most The results for Fuel B are given in Table V. This fuel
middle-distillate fuels. was tested at 43 *C for 18 weeks in atmospheric pressure

Figures 4 and 5 show the effects at 80 and 43 °C of bottles and at 65 °C for 7 days at 690 kPa of oxygen. The
varying the time at 690 kPa oxygen for five fuels. In Figure R2 values given in both Tables IV and V indicate excellent
4, the major effect is the greater ability to differentiate correlation between the accepted 43 °C bottles tests and
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the oxygen overpressure tests. rately predict insolubles formation of various fuels during
ambient storage. Systematic extension of the test to higher

Conclusions temperatures and shorter times will be the subject of a
Analytically, the advantages of this new method over subsequent report.

previous methods are its greatly reduced test times and
its excellent precision for replicate samples. Chemically, Acknowledgment. We thank the U.S. Navy Energy
the advantages are its excellent correlations with lower Research and Development Office and David Taylor Re-
temperature bottle tests, its good discrimination of stability search Center for financial support of this work.

between fuels, and, most importantly, its ability to accu- Registry No. Oxygen, 7782-44-7.I
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INTRODUCTION

As available petroleum crudes continue to decrease in quality and the amount of Catalytically
cracked stock used in middle-distillate fuels tncreases, there is a need for an accelerated stability
test which is capable of reliably assessing the long term storage stability of diesel fuels. Currently
used methods for storage stability asessment suffer from a variety of drawbacks. Lower tempera-
ture bottle tests are generally the beat indicators of storage stability of a particular fuel: however.
meaningful results require storage at 43"C for between 12 and 18 weeks. Bottle storage tests at
temperatures of 80C and above can be completed in a reasonably short time but these tests are
generally poor indicators of actual ambient fuel reactions leading to insoluble products (1).

One test widely used as a rapid assessment of fuel storage oxidative stability is the ASTMD2274 method (2). It is not a good predictor of storage stability for freshly refined middle-distdlate
fuels that contain any catalytically cracked stocks. The recommended fuel Incubation time of 16
hours is too short for many fuels and leads to very small amounts of total insolubles which are hard
to quantify. Most importantly, this test allows a potentially unstable fuel to pass the test.

A new oxygen overpressure method has been used to purposely accelerate the reactions lead-
lng to insoluble sediments formation by forcing oMen Into solution in the fuel at a pressure of 100
pg and thn stressing the fuel under conditions of accelerted storage at various temperatures
from 4.3 to 10"C. The method makes use of gravimetric determination of the total insolubles formed.
This method Is rapid and precise and is predictive for up to 3 years of ambient conditions. Work at
43-C for up to 4 weeks at 100 pea and at 80'C for up to 64 hours at 100 peta shows very good car-
relation with bottle tests done at 43"C (slight variation at ASTM D4625) (3). In an attempt to make
the test shorter, recent work has been done at 90"C for- 16 hours at 100 psig.

In order to test the reliability of this higher temperature method, a mini-round robin was
conducted using five midtle-distlljate fuels tested at four different lsboratories at the same 90'C/
16 hr/100 psig conditions. Also. stability data for 26 MGOn and for 22 F-76 fuels from a world-wide
fuel survey were obtained. Results from the higher temperature oxygen overpressure test are com-
pared to results obtained from other standard tets. All results are Wbulted in gravimetric form
in mg of total insoluble sediment per 100 ml of fuel.

EXPERIMENTAL

Four of the fuels used for the mini-round robin were blends of 30% catalytically cracked
light cycle oil and 70% straight run fuel. The fifth sample vw a naval distillate (NATO F-76) fuel.

The fuels from the world-wide survey are coded tn simple numerical order in each of the two
fuel type,. commercial marine gas oil (MOO) and naval distillate (NATO F-76).

Tests at 90*C were ru by a new oxygen overpressure method in which 100 ml samples of
filtered fuel in 125 ml brown boromilicate bottles were placed in a low pressure reactor (LPR). The
reactor wa sealed and pressurized with 99. 5% pures oxygen to 700 kPa (100 psaig). The samples were
stressed, under pressure, for 16 hours at 90'C. At the end of the stress period the pressure was
released slowly and the samples were removed and cooled. The amount of filterable sediment and
adherent gum were determined gravimetrically and reported as total insoluble sediment weight.
Samples were run in triplicate and the average values are given in mg/100 ml. Details of the method
and construction of the low pressure reactor (LPR) have been described (3).

The 43"C tests were standard bottle tests using 300 ml of filtered fuel which was stored in
vented brown borosilicate bottles for 18 weeks at 43"C. The filterable sediment and adherent in-
soluble gum were determined gravimetricaly and added together for a total insoluble sediment
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I weight. Samples were run in duplicate and the average of the two values are reported in mg/ 100 ml.
Detas of the method are given in the Literature (4).

The 95*C tests utilized the procedure outlined in ASTMA D2274, which subjects the test fuel
to a temperature of 95-C for 16 hours while oxygen in bubbled through the fuel.

RESULTS AND DISCUISSION

Table I shows the results obtained by four different Laboratories using the oxygen overpres-
cure method to test five middle-distillate fuels. Comparison of these data show. very good inter-

laboratory agreement. When the pass/fail criteria is considered, the method correctly assessed
the storage stabillty with the exception of one fuel.

TABLE 
I

MINI-ROUND ROBIN

Average of Triplicate Samples in mg/1OO ml

Fuel Lab Lab Lab LAb
Code 1 2 3 4 Average

1 1.1 1.7 0.9 1.0 1.2
2 1.7 1.4 1.9 1.0 1.5
3 2.8 3.7 3.3 4.0 3.5

4 3.4 5.1 3.2 5.1 4.2
5 10.9 14.0 12.8 11.6 11.6

Pass/Fal 4. 0 mg/100 ml

The results for the three storage stability tests for 26 commercial MGOe are presenteid in
Table 11. F'rom theee data it can be seen that these fuels met the pass/fail criteria met by the Naval
Research Lab of 4. 0 mg per 100 ml of fuel for the 43*C battle teams (5) and 9WC oxygen cverpresure
ita with am exception. The 96C test showed good agreement with the lower temperature teste

when the pase/fall limit was considered, however, all of these fuL Is were aged fuels and the D2274

teat daes appear to correctly assess the stability of aged fuels that contain no cracked stock. The

caegriedasanMGO.
Table 10gvsthe results of the three storege stability itea for the 22 military F-76 fuels.IThese results show that these fueils are quite stable and passed bath the 43*C and the 90*C teem,. with

amxeption. but an an average they appear to be slightly more unstable than the commercial MOs.
The 95C D2274 test was In general agreement with the low"r temperature teats but It did give mr
false falls then the LPR test hut ther" were o false passes when compared to the lower temperature
tesm. In general, the higher temperature *te are more stringent in assessing possible Long term

stoag pobem. heF-6 uelNo 1 ai atheedestorage tets. ts

Istos abi lity tets thefuel s orr cointeo rty and. Howe erte coreetly Comsess g the

that it also correctly "mom"se the stabflity of aged fuels. In aidditicti, the LPR test also is a good
pedictor of the stability of fuels containing LCO.I CONCLUSIONS

The advantages of this new method over previous methods are its greatly reduced test times
and Its exellent precision for replicate samnples. Results otained with thic method show excellent
correlation with the lower temperature bottle it. It also shows good discrimination of stebiltyI betwe fuels and, most Importsantly, it accurately predicts insolubles formation of various fuels

duing ambient storage.
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TABLE U

COMMERCIAL MGO WORLD-WIDE FUEL SURVEY

Results of Three Storage Stability Teats in mg/100 ml

Code Sample Bottle LPR
No. Location 43"C/18 wk 90.C/16 hr D2274

1 Palkstan 0.0 0.9 0.1
2 France 0.1 0.9 0.1
3 Japan 0.1 1.3 0.1

4 Venezuela 0.2 2.6 0.1

5 Egypt 0.2 2.2 0.2
6 U.A. E. 0.2 2.8 0.2
7 Malaysia 0.2 0.8 0.3
8 India 0.3 0.6 0.3

9 Sweden 0.3 0.7 0.1
10 Australia 0.4 0.8 0.2
11 Ilty 0.4 1.2 0.2
12 Kenya 0.4 1.3 0.5
13 Belgium 0.6 1.1 0.4

14 Indonesia 0.6 2.0 0.5
15 Peru 0.6 1.7 0.6
16 Brazil 0.7 1.2 0.2

17 Malta 0.7 1.0 0.5
18 Senegal 0.8 1.0 0.6
19 Greece 0.8 1.3 0.7
20 Thmiland 0.8 0.8 0.5

21 Silapore 0.9 2.2 0.4
22 England 1.0 1.4 0.5
23 Greece 1.1 1.0 0.3
24 Singapore 1.2 2.3 0.4

25 Saudi Arabia 1.4 1.4 1.90
26 Netherlands 18.00 12.4" 2.8*

Pans/Fail 4.0 4.0 1.5

*Values indicate a fuel fails this particular test as indicated by the pass/fall

criterion at the bottom of each column.

I
I
I
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TABLE l

NAVY DISTILLATE (NATO F-76) WORLD--WIDE FUEL SURVEY

Resultsatc Three Storage Stability Tests in ing/100 ml
Code Sample BoteLPR

No. Locatin 43*C/I$ wk 90rC/16 hr D2274

I Scotlnd 0.2 0.2 0.1
2 Paseam 0.2 1.1 0.4
3 Japan 0.2 1.8 0.8
4 Philippines 0.3 3.0 1.80

5 Iceand 0.5 0.7 0.5

6 Scotlaa 0.4 1.8 0.4
7 Eagland 0.5 1.2 0.8

8 Turkey 0.6 1.1 1.1

9 Sctand 0.7 0.5 0.7I10 Japan 0.7 1.3 1.1

13 Japan 0.9 3.0 1.50

15 Spain 1.1 1.7 1.0
16 Japan 1.1 2.1 1.14

17 Binmuds 1.2 1.4 0.3
18 Azores 1.4 2.4 0.7
19 Spain 1.6 1.8 0.8

20 Crete 1.6 3.1 1.80

2I Puerto lo 3.90 3.94 2.90
Pale/Fall 4.0 4.0 1.5

OValu indicate a fwal fals Wea particular toot an Indicated by Mhe paaa/b.
eriarion at th botom of each colun.
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ABSTRACT

There is contradiction in the literature regarding the role of organosulfur

compounds on the oxidative stability of middle distillate fuels. Comparison of

published results is complicated by differences in a large number of variables

between investigations. Variations in fuel composition, reaction surface,
hydroperoxide concentration, dissolved oxygen and reaction temperature all

contribute to the variation in observed results. In an effort to clarify this

I situation, we have examined both the oxygen and t-butyl hydroperoxide liquid
phase oxidation of hexyl sulfide, dodecyl thiol, thiophenes, thiophenol in

benzene and a model fuel, tetradecane. Additionally, the reaction between

thiophenol and active olefins such as styrene has been studied.
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INTRODUCTION

Jet fuels deteriorate in quality with time. One of the significant and

undesirable changes is the formation of solid deposits which can plug nozzles,

filters and coat heat exchanger surfaces. Deposit formation in fuels is

triggered by autoxidation reactions and is closely associated with oxygen

and/or hydroperoxide concentration. Although slight thermal degradation is

known to occur in nonoxidizing atmospheres, the presence of oxygen or active

oxygen species such as hydroperoxides will greatly accelerate oxidative

degradation of fuels as well as significantly lower the temperature at which

undesirable products are formed. Thus, the stability of middle distillate fuels

is frequently dependent upon the nature of potential autoxidation pathways

which can occur. Heteroatoms (oxygen, nitrogen and sulfur) and ash have been

found to comprise 40 percent of such deposits (1). The sulfur content of these

deposits has been found to vary from 1 to 9 percent (2). Sulfur (0.4%) is the

most abundant heteroatom present in jet fuel. Deposits formed in jet fuel in

the presence of oxygen contained a greater percentage of sulfur than that

Upresent in the fuel itself (3). The formation of these deposits has been

attributed to the participation of thiols (mercaptans), sulfides and disulfides

(4). In jet fuels that have been deoxygenated, sulfides and disulfides have

been found to lead to increased solid formation (5). By contrast, it has been

demonstrated that sulfur compounds in lubricating oils act as antioxidants by

decomposing peroxides (6).

The rates of reactions in autoxidation schemes are dependent on hydrocarbon

structure, heteroatom concentration, oxygen concentration and temperature

(7-8). Catalysts and free radical inhibitors can materially alter both the

rate of oxidation and the product mix (8). If sufficient oxygen is present,

the hydroperoxide concentration will reach a high level. If the available

oxygen concentration is low, but the temperature raised, the hydroperoxide

concentration will be limited by free radical decomposition. Under these

conditions, fuel degradation can be associated both with hydroperoxide

formation and decomposition. The detailed mechanism of hydroperoxide

decomposition is complicated since free radicals are sensitive to solvent,
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structural and stereoelectronic effects.

This paper is concerned with the reaction between a primary autoxidation

product, a hydroperoxide, and organosulfur compounds of the type known to be

present in middle distillate fuels. Specifically, we examine the tert-butyl
hydroperoxide oxidation of hexyl sulfide, dodecyl thiol, thiophene and

benzothiophene in both deaerated benzene and a model fuel, tetradecane, at 120
degrees C. In addition, we examine the co-oxidation of thiophenol with olefinsI such as styrene under the same reaction conditions.

EXPERIMENTAL

Reagents. tert-Butyl hydroperoxide, tBHP, (90%), hexyl sulfide, dodecyl thiol,

thiophene, benzothiophene, thiophenol and styrene were obtained from Aldrich

Chemical Co. They were distilled in vacuo to 99.9% purity. The solvents

benzene (Aldrich Gold Label) and tetradecane (Fisher certified) were refluxed
and distilled from calcium hydride.
Method. The reactions were carried out in sealed borosilicate glass tubes.
The reagents (typically 3-9x10- 4 mol of tBHP and 6x10- 4 mol of sulfur
compound in 0.6ml of solvent) were weighed into 6 in. long, 1/4-in. o.d. Pyrex

tubes closed at one end and fitted at the other with a stainless steel valve
via a Swagelok (Teflon ferrules) fitting. The tube was attached to a vacuum
system, cooled to 77K and subjected to several freeze-pump-thaw cycles. The
tube was then subsequently flame-sealed below the valve. The ullage

volume(0.30 ml) was kept constant for all runs. The deerated samples were
warmed to room temperature and immersed in a Cole-Parmer fluidized sand bath.
The temperature was controlled by a Leeds and Northrup Electromax III

temperature controller. The total pressure during each run was estimated to be

less than 1 atm for the tetradecane solvent and 5.1 atm for the runs in benzene
solvent. After the reaction period the sealed tube was quenched to 77K and
opened.

Samples were heated for time periods of 15, 30, 60, 120 and 180 min except
for those runs with the more reactive thiols (60 min). A search of the

literature gives a few examples of catalytic behavior with glass systems
(9-11). However, when a glass tube was partially filled with crushed Pyrex,

I
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thus increasing the surface area, the results at 120C for the reaction time

periods were not substantially altered.

The samples were analyzed by combined GC/MS (El mode). The GCMS unit

consisted of a Hewlett-Packard Model 5710 GC, a H-P Model 5982A mass

spectrometer, and a Ribermag SADR GC/MS data system. An all glass GC inlet

system was used in conjunction with a 0.31 - x 50 m SP-2100 fused silica

capillary column.

A material balance was assessed for each compound. The major peaks of the

chromatogram account for approximately 81 to 99% of the original compounds.

The 81% was observed only for tBHP in runs with hexyl sulfide at long reaction

times. These runs also formed many partially oxidized products. The very

small peaks account for another 5 to 10%. The product distribution was

I repeatable to 2 to 3% for each component.

RESULTS AND DISCUSSION

The mechanism of autoinitiated tBHP decomposition can be depicted by the

following equations:

Self Initiation

tBHP 1200C (CH3)3 CO' + *OH equation 1)

Propagation

I (CH b3)3CO-" t c o (C 3 )2C" + 'CH3  2)

m (cH3 )3CO* + X-H hydrogen ( )COH + 3)
abstraction

Termination

2(CH3 ) 3C00 -(CH3) 3 C]2 02  + 02 4)

2X" X2  5)
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For all of the sulfur compounds, as shown in Tables 1, 2, and 3, small

amounts of acetone were observed. The greater yield of t-butanol compared to
acetone definitely shows that hydrogen abstraction was favored over cleavage in
both benzene and tetradecane solvent under the conditions of this study. The
increasing yield of acetone as reaction time increased, however, indicated that

at long reaction times beta-scission was a viable competing process.

Hexyl Sulfide Products. The major product observed from the oxidation of hexyl
sulfide by tBLHP was hexyl sulfoxide. Its yield varied from 74.8% at 15 min to
85.3% at 30 min, gradually decreasing to 80.7% at 180 min of reaction. As
shown in Table 1, other products included: Hexyl sulfone 1.2% at 15 min
gradually increasing to 4.0% at 180 min; hexyl disulfide, 0.3% to 0.6%. Minor

products included dihexyl thiosulfinate, 0.1%; hexanal, 0.2% at 15 min
increasing to 0.3% at 60 min, decreasing to 0.2% at 120 min and disappearing at
180 min; hexene, 0.1% at 15 min, increasing to 0.3% at 120 min and decreasing
to 0.2% at 180 min; and hexane, 0.1% at 15 min increasing to 0.4% at 120 min
and decreasing to 0.2% at 180 min. Many trace products, yields less than 0.1%,

were formed. Most of these products were partially oxidized substances that
could not be readily identified by MS. An extensive discussion of the mechanism
of formation for the entire product distribution can be found elsewhere (12).

The hexyl sulfoxide could result from several mechanisms. The most likely
mechanism however, would be the reaction of the tBHP itself with the hexyl
sulfide followed by a rapid proton transfer and 0-0 bond rupture, equation 6),
(13).

(C6-H 3) 2  a -0 - 6)

IP

Expansion of the sulfur valence shell is probable in the processes involved in
this step. Another mechanism could involve the attack of an oxygen centered
radical, i.e., peroxy on sulfur followed by a beta scission (14).fThe resulting sulfoxide once formed is quite stable, as can be seen from

I
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the modest decrease in yield at extended reaction times, Table 1. The

sulfoxide oxidation product, hexyl sulfone, varied in the present work from an

initial 1.2% at 15 min to 4.0% at 180 min of reaction. This slight increase

compared to the yield of hexyl sulfoxide at 180 min (80.7%) illustrates the

resistance of the alkyl sulfoxide to oxidation by tBHP. The oxidation of a

sulfoxide to a sulfone is believed to proceed by a mechanism similar to that

for the sulfoxide formation.

Dodecyl thiol products. The major product from the oxidation of dodecyl

thiol by tBHP was dodecyl disulfide, 74.4% at 15 min increasing to 78.8% at 30

min and then decreasing to 74.1% at 60 min. Other oxidation products

included: dodecyl sulfoxide, 2.3% at 15 min decreasing to 2.1% at 60 min;

dodecyl sulfone, 0.9% at 15 min increasing to 1.7% at 60 min. Minor reaction

products observed were: Dodecyl sulfide, 1.9% at 15 min decreasing to 1.4% at

60 min; dodecanal, 0.6% at 15 min increasing to 1.1% at 60 min; dodecane, 0.1%

at 15 min increasing to 0.4% at 60 min; and trace (less than 0.1%) amounts of

dodecyl thiosulfinate.

When thiols are oxidized by air or peroxides, disulfides are the major

product regardless of the presence or absence of a catalyst (15). The

mechanism of thiol oxidation has been the subject of discussion for many

years. Some reports support ionic mechanisms while others support a radical

mechanism. We propose that a t-butoxy or peroxy radical generated from tBHP

abstracts the thiol hydrogen , equation 7). Rapid dimerization, equation 8),

then follows generating the major product dodecyl disulfide.

12 25 + t-C 4 H9 0------. C 2 1S" + t-butanol 7)

2 C12 H1.%S* C122-S-S-CI 2 H25 8)

Dodecyl thiol in tetradecane. The reaction was similar both in benzene and

tetradecane, but minor differences were found. The product mix, other than

solvent products, was identical. Differences included slightly lowered yield
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I of t-butanol in tetradecane, 72.1% vs 76.7% in benzene, while the yield of

acetone 8.6% was almost double that observed in benzene, 4.7%. This serves as

I an indication that equation 2) in the tBHP decomposition scheme was more

favored in aliphatic solvent. The dodecyl thiol was slightly more reactive in

I the tetradecane. The dodecyl disulfide was formed in greater yield, 80.6%

compared to 74.1% in benzene. Products observed from tetradecane solvent

participation were tetradecanones and tetradecanols. These were minor products

and are reported as totals of all isomers, because the isomers elute in an

overlapping pattern. Tetradecanones for a 60 min stress were 0.3% and the

tetradecanols were found to be 0.6%. As a contrast, no oxygenated products of

the benzene solvent were observed.

Thiophene products. Thiophene compounds investigated were thiophene,

2,5-dimethyl thiophene and benzothiophene with tBHP in benzene solvent.

I Thiophene and its methylated analog do not yield simple, easy to identify

products. In fact, no GC identifiable products were formed in any of the runs.
Rather, an intractable water soluble solid results at all reaction times.

Detailing the reaction mechanism for the thiophenes is further complicated in

that the solid product itself is not thermally stable (16). Products

identified in the solid from both thiophene and 2,5-dimethyl thiophene included

the sulfoxide, the sulfone, and the condensation product, thionaphthene 1:1
dioxide, along with the 2,5-dimethyl analogs. The 2,5-dimethyl thiophene was

considerably more reactive than the thiophene as measured by thiophene

I disappearance. The increased reactivity of the substituted thiophenes can be

explained by the availability of the "lone-pair" sulfur electrons (17). The

observed increase in ease of oxidation can likewise be attributed to this

increased availability of the sulfur electrons.

The thiophene ring system can survive moderate oxidizing conditions.

However, if the ring is attacked, it generally breaks down to oxalic or other

substituted carboxylic acids with the sulfur being converted to sulfuric acid

(18). With tSHP, no evidence of ring opening was observed.

Benzothiophene was the least reactive sulfur compound studied. In the

I presence of tBHP, benzothlophene yields the sulfone as the major product and a

trace of the sulfoxide product.
Thiophenol and styrene with excess oxyQen or tBHP in benzene. The reaction
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of thiophenol with an active olefin, such as styrene, in excess oxygen provides

a useful variant of thiol chemistry termed "co-oxidation" (19). The major
product, Table 3, observed was the addition product, l-phenyl-(2-phenylthiyl)

ethane; at 15 min its yield was 41.3% increasing to 71.2% at 30 min and

U decreasing to 68.3% at 60 min. Other products included: the 1-phenyl-

(1-phenylthiyl) ethane isomer, 0.5% at 15 min increasing to 3.5% at 60 min;
the dimer of styrene, 1,4-diphenyl butane, 0.2% at 60 min; 1-phenyl-

(2-phenylethyl) sulfoxide, 1.7% at 15 min increasing to 5.8% at 60 min;

1,4-diphenyl-(2-phenylthiyl) butane; 1.1% at 15 mnn decreasing to 0.9% at 60

min; phenyl thiosulfonate, 0.3% at 60 min. Trace products ( 0.1%) included:

1-phenyl-(2-phenylethyl) sulfone, styrene oxide, phenyl methyl sulfide and

2-ethyl toluene. Table 3 also gives the results for a 15 min stress with

tBHP. The product slate was about the same for both oxygen and tBHP, but the
yields of individual components varied significantly. The major product,

1-phenyl-(2-phenylthiyl) ethane increased to 62.4% and the sulfoxide product

was more than doubled at 3.9%.
In the presence of oxygen or tBHP, the following reactions can occur with a

thiol.

+02 0RS' + H02 9)

RSH or or

+ t-C4 H9 O" aRS' + t-C4H9OH 10)

Where R = alkyl or aryl

The thiyl radical once formed can then react with an active olefin such as

styrene. Specifically for thiophenol and styrene the reaction could be

described by the following equations.

H2C-CH()(SO) 11)
5 + H CzCHO or

9 12)
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I SCH2 -CHO hydrogen abstraction . OSCH2 -CH2 0 13)I
Equation 12) was the preferred pathway since it resulted in the more

thermodynamically stable radical. The major product, 1-phenyl-(2-phenylthiyl)

ethane, then resulted by hydrogen abstraction, equation 13). The other radical

generated, equation 11), leads to one of the observed minor products,

1-phenyl-(l-phenylthiyl) ethane,

By a mechanism similar to equation 6), the sulfoxide forms from the

l-phenyl-(2-phenylthiyl) ethane.

SUMM4ARY

The observed deterioration of fuels can manifest itself in many ways,

including the formation of insoluble deposits both in storage and in an engine

fuel system or nozzle. Reactive species in petroleum fuels which may be

involved in the deterioration are alkyl sulfides, thiols, aromatic thiols,

thiophenes and hydroperoxides. Trace quantities of compounds such as sulfonic

acids have also been implicated in deposit formation. This paper specifically

examined the hydroperoxide or oxygen induced oxidation of hexyl sulfide,

dodecyl thiol, thiophenol, thiophenes and the "co-oxidation" of thiophenol with

styrene in both deaerated benzene and tetradecane solvents at 120C. The

product mix was studied over various reaction times of 15 min to 180 min. For

each compound, a common slate of products was observed for all reaction time

periods. The yield of individual components, however, varied significantly

with reaction time.

The major product derived from the tBP was t-butanol. Other observed tBHP

products included methane, acetone and isobutylene.

The major product from the hexyl sulfide oxidation was hexyl sulfoxide.

Other sulfur containing products were hexyl sulfone, hexyl disulfide and hexyl
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thiosulfinate. The major product from dodecyl thiol was dodecyl disulfide.

Oxidized products included dodecyl sulfoxide, dodecyl sulfide and dodecyl

sulfone. The thiophenes gave the sulfoxide, sulfones and the Diels-Alder

product from these reactive species. The products formed from the thiophenes

were observed to be water soluble. From the co-oxidation of thiophenol with

styrene, the major product was l-phenyl-(2-phenylthiyl) ethane. Other products

included: 1-phenyl-(l-phenylthiyl) ethane and the oxidized products phenyl-

(2-phenylethyl) sulfoxide and phenyl thtosulfonate.

Solvent participation was noted by the formation of toluene from benzene

and tetradecanones and tetradecanols from tetradecane. No oxygenated products

of benzene were observed.
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Table 1

Mole % Conversion for the Reaction of Hexyl Sulfide with
tert-Butyl Hydroproxide in Benzene Solvent at 120 C.

CONVERSION (MOLE %)

Reaction Time (Min.)

15 30 60 120 180

TBHP Productsa

Acetone 1.0 1.5 1.5 1.5 2.5
t-Butanol 55.5 59.5 65.9 69.8 75.4
di-t-butyl peroxide 0.5 0.7 0.7 0.7 1.0

Hexyl sulfide Productsb

Hexyl sulfoxide 74.8 85.9 81.6 81.9 80.7
Hexyl sulfone 1.2 1.4 3.0 3.4 4.0
Hexyl disulfide 0.3 0.5 0.5 0.5 0.6
Hexanal 0.2 0.2 0.3 0.2 -
Hexane 0.1 0.1 0.3 0.4 0.3
Hexene 0.1 0.1 0.1 0.3 0.2
Hexyl thiosulfinate 0.1 0.1 0.1 0.1 -

Gaseous Products

Methane 0.8 0.8 1.0 1.4 1.6
Isobutylene 4.2 3.9 3.6 3.1 2.7

Unreacted

TBHP 28.9 23.9 8.7 3.9 1.8
Hexyl Sulfide 22.5 13.9 8.2 3.9 2.9

Trace Products

6.7 7.8 9.7 10.1 8.1

a. based on the starting moles of TBHP
b. based on the starting moles of hexyl sulfide
c. summation of small peaks
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Table 2

Mole % Conversion for the Reaction of Dodecyl Thiol with
tert-Butyl Hydroperoxide in Benzene and Tetradecane at 60 Min

at 1200 C.

CONVERSION (MOLE %)

Reaction Time ( Min.)

15 30 60 60
Benzene Tetradecane

TBHP Productsa

Acetone 4.7 4.4 4.7 8.6
t-Butanol 59.2 65.4 76.7 72.1
di-t-Butyl peroxide 1.6 1.6 1.9 1.6

Dodecyl thiol Productsb
Dodecyl disulfide 74.4 78.8 74.1 80.6
Dodecyl sulfide 1.9 1.8 1.4 2.9
Dodecyl sulfoxide 2.3 2.1 2.1 3.8
Dodecyl sulfone 0.9 1.5 1.7 2.2
Dodecanal 0.6 0.7 1.1 0.9
Dodecane 0.1 0.3 0.4 0.6

Gaseous Products

Methane 0.9 1.3 1.4 0.9
Isobutylene 3.6 3.3 3.0 4.3

Unreacted

TOP 19.7 12.6 1.3 0.9
Dodecyl thiol 15.6 7.3 3.4 0.2

Trace Productsc

4.6 6.7 9.4 10.6

a. based on the starting moles of TBHP
b. based on the starting moles of dodecyl thiol
c. summation of small peaks
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Table 3

Mole Z Conversion for the Reaction of Styrene w~th Thiophenol
and Oxygen in Benzene Solvent at 120C.

CONVERSION (MOLE %)

Reaction Time (Min)
Oxypen tBHP

I 15 30 60 15

Im Addition productsa

1-phenyl-(2-pheiylthiyl) ethane 41.3 71.2 68.3 62.4
1-phenyl-(1-phenylthiyl) ethane 0.5 1.5 3.5 1.4
phenyl-(2-phenylethyl) sulfoxide 1.7 4.9 5.8 3.9
phenyl disulfide 1.1 1.7 2.3 1.7
1,4-diphenyl-(2-phenylthiyl) butane 1.1 0.9 0.9 1.9
phenyl thiosulfonate - 0.2 0.3 1.1
1,4-diphenyl butane - - 0.2 0.2

I Unreacted

Styrene 24.7 2.0 1.6 13.2
Thiophenol 33.2 7.1 5.8 25.2

Trace productsb 2.2 4.3 6.6 3.2

Im a. based on the starting moles of styrene
b. summation of small peaks

I

I
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ILiquid-Phase Oxidation of Hexyl Sulfide and
Dodecanethiol by tert-Butyl Hydroperoxide in Benzene
and Tetradecane

George W. Mushrush,* Robert N. Hazlett, and Dennis I. Hardy
Chemistry Division, Combustion and Fuels Branch, Code 6180, Naval Research Laboratory,
Washington, D.C. 20375-5000

John M. Watkins, Jr.
Geo-Centers, Inc., Suitland, Maryland 20746

I The tert-butyl hydroperoxide (tBHP) initiated oxidation of hexyl sulfide and dodecanethiol was
examined in deaerated benzene and a model fuel, tetradecane, at 120 *C. Although kinetically
complex, it was possible to relate the product distribution to a few competing reactions. The product
mix was determined for several reaction time periods. The product slate was about the same for
all time periods, but yields of individual components varied significantly with reaction time. The
major lower molecular weight product was tert-butyl alcohol Gaseous products included methane
and isobutylene. The major product from dodecanethiol was dodecyl disulfide. Oxygenated products
included dodecyl sulfoxide and dodecyl sulfone. From hexyl sulfide, the major product was hexyl
sulfoxide. Other products included hexyl sulfone, hexyl thiosulfmate, and hexyl disulfide. Solvent
participation was noted by the formation of toluene in benzene solvent and tetradecanones and
tetradecanols in tetradecane solvent.

There is contradiction in the literature as to the role of Fuel degradation is observed to occur under long-term
organosulfur compounds on the oxidative stability of low-temperature storage conditions (storage stability) as
middle distillate fuels. Comparison of published results well as short-term, high-temperature stress (thermal oxi-
is complicated by differences in a large number of variables dative stability) (Hazlett, 1980; Taylor, 1974; Scott, 1965;
between investigations. Variation in fuel composition, Taylor and Wallace, 1967). The latter situation is en-
reaction surface, hydroperoxide concentration, dissolved countered under flight conditions where fuel serves as a
oxygen, and reaction temperature all contribute to the coolant on its path to the combustion chamber. Although
variation in observed results. slight thermal degradation is known to occur in nonoxi-

0888-5885/87/2626-0662501.50/0 © 1987 American Chemical Society
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dizing atmospheres, the presence of oxygen or active ox- Aldrich Chemical Co. They were distilled in vacuo to
ygen species such as hydroperoxides will greatly accelerate 99.9% purity. The solvents benzene (Aldrich Gold Label)
oxidative degradation of fuel as well as significantly lower and tetradecane (Fisher certified) were refluxed and dis-
the temperature at which undesirable products are formed. tilled from CaH2 .
Thus, the stability of middle distillate fuels is frequently Method. The reactions were carried out in sealed bo-
dependent upon the nature of potential autoxidation rosilicate glass tubes. The reagents (typically 3-9 X 10-4

pathways which can occur. mol of tBHP and 6 X 10 mol of hexyl sulfide or 6 X 10-
Thompson et al. (1949) found that sulfur and disulfides mol of dodecyl mercaptan in 0.6 mL of solvent) were

were active promoters of instability in stored fuels, while weighed into 6-in.-long, /4-iL-. borosilicate tubes closed
aliphatic mercaptans and sulfides had little effect on the at one end and fitted at the other with a stainless steel
same fuels. Schwartz et al. (1964) reported that alkyl valve via a Swagelok (Teflon ferrules) fitting. The tube
mercaptans, sulfides, and disulfides accelerated the for- was attached to a vacuum system, cooled to 77 K, and
mation of deposits in cracked gasolines, subjected to several freeze-pump-thaw cycles. The tube

Taylor and Wallace (1967) found that deposits formed was then subsequently flame-sealed below the valve. The
in jet fuel in the presence of oxygen contained a greater ullage volume (0.30 mL) was kept constant for all runs.
percentage of sulfur than that present in fuel itself. The The deaerated samples were warmed to room temperature
formation of these deposits has been attributed to the and immersed in a Cole-Parmer fluidized sand bath. The
participation of mercaptans, sulfides, and disulfides temperature (120 *C) was controlled by a Leeds and
(Taylor and Wallace, 1968a). In jet fuels that have been Northrop Electromax IT temperature controller. The total
deoxygenated, sulfides and disulfides have been found to pressure during each run was estimated to be less than 1
lead to increased solid formation (Taylor and Wallace, atm for the tetradecane solvent (all boil above 120 °C) and
1968b; Wallace, 1964). 5.1 atm for the runs in benzene solvent. After the reaction

By contrast, it has been demonstrated that sulfur com- period, the sealed tube was quenched to 77 K and opened.
pounds in lubricating oils act as antioxidants by decom- The tube was capped and warmed to room temperature,
posing peroxides (Denison, 1944). The autoxidation of and the internal standards were added. The solution was
compounds such as squalene has been found to be inhib- transferred to a screw cap vial (Teflon cap liner) and stored
ited by the presence of alkyl sulfides or disulfides (Bernard at 0 OC until analysis. Since a typical chromatogram re-
st aL, 1958). quired 90 min, two internal standards were added. One,

The rates of reactions in autoxidation schemes are de- p-xylene, afforded quantitation for peaks with short re-
pendent on hydrocarbon structure, heteroatom concen- tention times and a second, 1-phenyltridecane, for the
tration, oxygen concentration, and temperature (Morse, peaks with longer retention times.
1957; Hiatt and Irwin, 1968; Howard et aL., 1968; Denisov, Samples were heated for time periods of 15, 30, 60, 120,
1974). Catalyst and free-radical inhibitors can materially and 180 min except for those runs with the more reactive
alter both the rate of oxidation and the product mix mercaptan (60 min maximum). All tubes were subjected
(Benson, 1964; Richardson, 1965; Musbrush t aL, 1985). to the same cleaning procedure. They were filled with

If sufficient oxygen is present, the hydroperoxide con- toluene, cleaned with a nylon brush, rinsed with toluene
centration will reach a high level. If the available oxygen twice and then with methylene chloride, and dried in air
concentration is low but the temperature is raised, the at 150 OC for 8 h. A search of the literature gives a few
hydroperoxide concentration will be limited by free-radical examples of catalytic behavior with glass systems (Benson,
decomposition. This regimen (low oxygen and increasing 1964; Kirk and Knox, 1960;, Hiatt et aL, 1968); however,
temperature) is similar to the environment found in an when a glass tube was filled with crushed borosilicate glass,
aircraft fuel system. Under these conditions, fuel degra- thus increasing the surface area, the results at 120 °C for
dation can be associated both with hydroperoxide forma- the above time periods were not substantially altered.
tion and/or decomposition.

The thermal decomposition of alkyl hydroperoxides, The samples were analyzed by two techniques, both
unlike that of dialkyl peroxides, is complex (Walling, 1957; based on gas chromatography. Peak identification for both

Hiatt and Irwin, 1968; Gray and Williams, 1959). At techniques was based on retention time matching with

temperatures greater than 120 OC, tert-butyl hydroper- standards and mass spectrometry. In the first, a Varian

oxide, tBHP, decomposes rapidly by an autoinitiated gas chromatograph Model 3700 with flame ionization de-

pathway (Hiatt, 1980; Mosher and Durham, 1960). The tector (FED) and equipped with a 50-m X 0.20-mm-i.d.

major reaction pathway in the 120 OC (or higher) decom- wall-coated open tubular (OV-101) fused silica capillary

position of tBHP involves attack by free radicals present column gave the necessary resolution to distinctly separate

in the solution. The detailed mechanism of hydroperoxide the individual components. A carrier gas flow of 1 mL/min

decomposition is complicated since free radicals are sen- was combined with an inlet split ratio of 60:1, a temper-

sitive to structural, solvent, and stereoelectronic effects. ature program with an initial hold at 50 *C for 8 min, and

This paper is concerned with the reaction between a a ramp for 4 deg/min to a final temperature of 260 C.

primary autoxidation product, a hydroperoxide, and or- In the second technique, gases formed during the reac-
gano sulfides and mercaptans. Specifically, we examine tion were analyzed by using a Perkin-Elmer Model Sigma
the tert-butyi hydroperoxide oxidation of hexyl sulfide and 2 gas chromatograph equipped with a 6-ft 5A molecular
dodecyl mercaptan in both deterated benzene and a model sieve column or a 4-ft Porapak/S column. For the gas
fuel, tetradecane, at 120 *C. The reactions were studied analysis, the column was operated at 55 *C. The chro-
for time periods from 15 to 180 min. Additionally, we have matogram was recorded and integrated on a Hewlett-
developed reaction conditions and an analytical method Packard Model 3390A reporting integrator. For this
of high reproducibility which may be applicable to the procedure, the valve was left on the tube during the re-
study of other hydroperoxide oxidative processes. action at 120 OC, and after the appropriate period, the tube

valve was connected directly to a GC gas sampling valve
Experimental Section via a Swagelok connection. An external standard was used

Reagents. tert-Butyl hydroperoxide. tBHP. (90%). for calibration. A pressure gauge measured the pressure
hexyl sulfide and dodecyl mercaptan were obtained from in the sample loop at the time of analysis.
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Table I. Mole Percent Conversion for the Reaction of Hexyl Sulfide with ten Butyl Hydroperoxide in Benzene Solvent at
120 'C12 OC 

conversion, mol %, at reaction time. minI 15 30 60 120 180
TBHP products"

acetone 1.0 1.5 1.5 1.5 2.5
tert-butyl alcohol 55.5 59.5 65.9 69.8 75.4
di-tert-butyl peroxide 0.5 0.7 0.7 0.7 1.0

hexyl sulfide productOb
hexyl sulfoide 74.8 85.9 81.6 81.9 80.7
hexyl sulfone 1.2 1.4 3.0 3.4 4.0
hexyl disulfide 0.3 0.5 0.5 0.5 0.6
hexanal 0.2 0.2 0.3 0.2
hezane 0.1 0.1 0.3 0.4 0.3
hexene 0.1 0.1 0.1 0.3 0.2
hexyl thiosulfmate 0.1 0.1 0.1 0.1

gaseous products
methane 0.8 0.8 1.0 1.4 1.6
isobutylene 4.2 3.9 3.6 3.1 2.7

unreacted
TBHP 28.9 23.9 8.7 3.9 1.8
hexyl sulfide 22.5 13.9 8.2 3.9 2.9

trace products' 6.7 7.8 9.7 10.1 8.1

'Based on the starting moles of TBHP. bBased on the starting moles of hexyl sulfide. 'Summation of small peaks.

A material balance was assesed for each compound. Table II. Mole Percent Conversion for the Reaction of
The major peaks of the chromatogram account for ap- Dodecanethiol with tert-Butyl Hydroperoxide in Benzene
proximately 81--99% of the original compounds. The 81% Solvent at 120 "C
was observed only for tBHP in runs with hexyl sulfide at conversion, mol %, atlong reaction timhs ese runalso formed m partially rction time, in

oxidized products. The very small peaks account for an- 15 30 60
other 5-10%. The product distnlution was repeatable to T'BHP producta

2-3% for each component. acetone 4.7 4.4 4.7
tert-butyl alcohol 59.2 65.4 76.7

Results and Discussion di-tert-butyl peroxide 1.6 1.6 1.9

The thermal decomposition of an alkyl peroxide is dodecanethiol productab
complex. At temperatures of 120 *C or greater, tBHP dodecyi disulfide 74.4 78.8 74.1
decomposes by an autoinitiated pathway (Howard, 1983). dodecyl sulfide 1.9 1.8 1.4
The major reaction pathway in the 120 C decomposition dodecyl sulfoxide 2.3 2.1 2.1

dodecyl sulfone 0.9 1.5 1.7
of tBHP, however, involves its attack by free radicals in dodecanal 0.6 0.7 1.1
the solution. The detailed mechanism of tBHP decom- dodecane 0.1 0.3 0.4
position is highly dependent upon the specific reaction gaseous products
conditions employed since radical reaction behavior is methane 0.9 1.3 1.4
sensitive ttrucurasoveno an effects. isobutylene 3.6 3.3 3.0

The results in Table I illustrate that the product dia- un12actedTBH])  19.7 12.6 1.3
tribution from the reaction of tBHP with hexyl sulfide in dodecanethiol 15.6 7.3 3.4
deserated benzene solvent can be conveniently divided into trace products' 4.6 6.7 9.4
tBHP - and sulfide-derived products. The quantities in 'Boed on the starting moles of TBHP. b Based on the starting

Table I are based on percent conversion from the moles moles of dodecanethioL cSummation of small peaks.
of reactants originally present. Products derived solely
from hexyl sulfide are calculated on the basis of the tBHP Products. The mechanism of autoinitiated
starting amount of hexyl sulfide. The tBHP-derived tBHP decomposition can be depicted as
products (for example, tert-butyl alcohol) are similarly self-initiation
calculated based on the starting amount of tBHP. Oxi-
dation products (Le., tBHP + hexyl sulfide) are calculated tBHP (CH3)sCO" + *OH (a)
on the bea of moles of hexyl sulfide. The values in Table
11 were likewise calculated using dodecanethiol. (CH3CO" (CH)2CO + "CH3 (b)

From tBHP, the major product was tert-butyl alcohol-
Small amounts of acetone, methane, isobutylene, and the propagation
tBHP radical termination product di-tert-butyl peroxide H absta+ o
were also observed. Hexyl sulfide derived products in- XH + (CH) 3CO" (CH)3COH + 'X (c)
cluded hexane, hezene, and hexenal; oxidized products termination
included the major product hexyl sulfoxide along with
hexyl sulfone and hexyl disulfide. From dodecanethiol, 2(CH 3)3CO0" - [(CH 3 )3C] 20 2 + 02 (d)
Table II, products included the major product dodecyl 2X" - X2 (e)
disulfide along with dodecyl sulfoxide, dodecyl sulfide,
dodecyl sulfone, dodecane, and dodecanal. Small amounts of acetone were formed ranging from 1.5%

Solvent participation was noted by the formation of in the presence of hexyl sulfide to 4.7% with dodecanethiol
trace quantities of toluene and other substituted benzenes at 60 min. The greater yield of tert-butvl alcohol compared
from benzene and tetradecanols and tetradecanones from to acetone definitely shows that hydrogen abstraction was
tetradecane. favored over cleavage in benzene solvent under the con-
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ditions of this study. The increasing yield of acetone in- acting with tBHP to renew the peroxy radical concentra-
dicated, however, that at long reaction times 0 sciasion was tion.
a viable competing process.

Gaseous Products. The gaseous products formed in- " (g)

cluded isobutylene, methane, and a trace amount (0.1%) - O -C4 H]
of ethane. No free oxygen was observed in any of the runs. --
As indicated in Table L isobutylene was 4.2% initially and
decreased to 2.7% at 180 min. Methane increased from CeHUi)2s -O-C 4 H9l " (COHN)2 S=O + C4 HgO (h)

0.8% at 15 min to 1.6% at 180 min. For dodecanethiol, . .
Table UI, isobutylene was 3.6% initially and decreased to The resulting sulfoxide once formed is quite stable, as
3.0% at 60 min. Methane increased from 0.9% at 15 rain
to 1.4% at 60 min. can be seen from the modest decrease in yield at extended

Isobutylene probably resulted from the acid-catalyzed reaction times. The pulfoxide oxidation product, hexyl
dehydration of tert-butyl alcohol Acids can be generated sulfone, varied in the present work from an initial 1.2%
by several pathways as will be shown later. The decreasing at 15 main to 4.0% at 180 mi of reaction. This slight
yield of isobutylene was not surprising in light of the many increase compared to the yield of hexyl sulfoxide at 180

pathways open to a reactive olefin in a radical environ- ain (80.7%) definitively illustrates the resistance of the
ment. Talkyl sulfoxide to oxidation by tBHP.

The yield of methane was similr to that of acetone for The further oxidation of a sufoxide to a sulfone, step
the oxidation of hexyl sulfide. This was an expected result i, is believed topro d by a mechanism similar to that
since they both form via 0 scission of the alkoxy radical for sulfoxide formation from an alky sulfide (Curci et aL,
(reaction b). The reactive methyl radical easily abstracts 19).
hydrogen to yield methane rather than reacting with other 0 1
radicals present in the system. This accounted for the low II)

[*8) 0-0-C4Hsyield of methyl-radical-derived products. I I )
The lack of measured oxygen does not mean that it was

not formed. It could form from a terminating reaction of
two tert-butyl peroxy radicals and then be consumed im- The formation of an alkyl sulfone is a facile reaction only
mediately by any of several pathways. in the presence of a strong oxidant or when the reaction

Hexyl Sulfide Prouct. The major product observed is catalyzed by transition-metal ions (Henbest and Khan.
from the oxidation of hexyl sulfide by tBHP was hexyl 1968).
sulfoxide. Its yield varied from 74.8% at 15 min to 85.9% The cleavage of a C-S bond in sulfides is known to occur
at 30 main, gradually decreasing to 80.7% at 180 rain of in thermal and photochemical reactions (Calvert and Pitts,
reaction. Other products included hexyl aulfone, 1.2% at 1966). The most direct means of generating a sulfur-
15 min, gradually increasing to 4.0% at 180 min; hexyl centered radical is the homolysis of a bond to sulfur.
disulfide, 0.3% to 0.6%; and a trace amount of dihexyl However, most simple alkyl sulfides are thermally quite
thiosulfinate (0.1%). stable (C-S bond dissociation energies are ca. 74 kcal/mol)

Minor products formed were hexanal, 0.2% at 15 min, and quite unreactive toward oxygen (Correa and Riley,
increasing to 0.3% at 60 min, decreasing to 0.2% at 120 1985).
rain, and disappearing at 180 rain; hexene, 0.1% at 15 rain, In the presence of tert-butyl hydroperoxide, the tert-
increasing to 0.3% at 120 mix and decreasing to 0.2% at butyl peroxy or tert-butoxy radicals generated could ab-
180 rain; and hexane, 0.1% at 15 rain, increasing to 0.4% stract the hydrogen a or 0, step j, to the sulfur of the hexyl
at 120 rain, and decreasing to 0.2% at 180 rain sulfide. Attack by an alkoxy radical is the more probable

Many trace products, yields lem than 0.1%, were formed. pathway, since it is a more energetic species than the
Most of these products were partially oxidized subtances tert-butyl peror -adicaL An SH2 mechanism and a sub-
that could not be readily identified by MS. Trace products sequent 0 sciss, (step k) yields both a thiyl radical and
that were identified included hexanoic acid, tert-butyl hexene (Migita et aL, 1913; Ohno and Ohnishi, 1971) from
hexvl sulfide, ethyl hexyl sulfide, and hexyl thioulfonate. the 0 radical Trace products, observed from this step were

The hexyl sulfoxide could result from several mecha- a shorter chain sulfide and a C4 hydrocarbon, can be as-
nisms. The most likely pathway to the sulfoxide would signed to the a-radical sequence- An SH2 mechanism and
be from the reaction of the tert-butyl hydroperoxide itself a subsequent 0 scission (step k) yields both a thiyl radical

(step f) with the hexyl sulfide followed by a rapid proton and hexene (Migita et aL, 1973; Ohno and Ohnishi, 1971).
transfer and 0-0 bond rupture (Curci et al., 1966). Ex- Product distribution, Table I, indicates that the #-radical
pansion of the sulfur valence shell is probable in the formation is the preferred over the a radical as a reaction
processes involved in step f. A second mechanism involves pathway.
attack of an oxygen-centered radical, Le., peroxy, on sulfur cGH,3 N

followed by a,0 scission (Rahman and Williams, 1970). + f-C 4,hO. - S +

IC CHCH 2  C 4 H1 CH2 H
(H 13)2  "O0--C4 (I)

•e 9 C S + fort-butYl .IC0oo (i)

On the basis of bond dissociation energy consideration cs.C

alone, the tert-butyl peroxy radical is probably the least CO13
reactive and most plentiful radical present in the system S - COS* + HC--CHC4 H, W)

(Mushrush et al., 1985). This would favor an oxidation CSHgCHCH2

reaction, steps g and h, involving this radical over a ter-

mination involving the very reactive alkoxy radical which The observed hexanal can be formed by several reaction
would be expected, rather, to propagate the chain by re- pathways. Among these are the thermal rearrangement
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of the hexyl sulfoxide (Barnard-Smith and Ford, 1965) or, Table IlL. Mole Percent Conversion for the Reaction of
more likely, the coupling of a tert-butyl peroxy radical with Dodecanethiol with tert-Butyl Hydroperoxide in Benzene
the a radical formed in step j. Scision would then result and Tetradecane Solvents at 120 OC
in an aldehyde and an alkoxy radical. conversion, mol %, at 60

The hexyl disulfide product was formed by dimerization min
of the thiyl radical. Thiyl radical products were in low benzene tetradecane
concentration at all reaction time periods (Table I). T products
Consequently, the thiyl termination product, hexyl di- acetone 4.7 8.6
sulfide (step 1), was a minor product at all reaction times tert-butyl alcohol 76.7 72.1
(1% at 180 min). di-tert-butyl peroxide 1.9 1.6

dodecanethiol productab

2CsH13S" - CeHusSSCsHI3 (1) dodecyl disulfide 74.1 80.6
dodecyl sulfoxide 2.1 3.8

The other minor observed product, hexyl thiosulfinate, dodecyl sulfone 1.7 2.2
probably was the result of oxidation of the disulfide. Only dodecyl sulfide 1.4 2.9

trace amounts, 0.1% at all reaction times, of this oxy-sulfur dodecanal 1.1 0.9
dodecane 0.4 0.6

compound were detected. gaseous products
Dodecanethiol Products. The major product observed methane 1.4 0.9

from the oxidation of dodecanethiol by tBHP was dodecyl isobutylene 3.0 4.3
disulfide, 74.4% at 15 min, increasing to 78.8% at 30 min, solvent product
and then decreasing to 74.1% at 60 min. Other oxidation toluene 0.1
products included dodecyl sulfoxide, 2.3% at 15 min, de- tatradecanones 0.3

tetradecanols 0.6
creasing to 2.1% at 60 min; dodecyl sulfone, 0.9% at 15 unracted
rain, increasing to 1.7% at 60 mi; and trace (less than TBHP 1.3 0.9
0.1%) amounts of dodecyl thiosulfinate. Other minor dodecanethiol 3.4 0.2
reaction products found were dodecyl sulfide, 1.9% at 15 trace products 9.4 10.6
min, decreasing to 1.4% at 60 min; dodecanal, 0.6% at 15 Based on the starting moles of TBHP. Based on the starting
rain, increasing to 1.1% at 60 min; and dodecane 0.1% at moles of dodecanethiol. cSummation of small peaks.
15 min, increasing to 0.4% at 60 min.

When thiols are oxidized by air or peroxides, disulfides Dodecanethiol in Tetradeeane. Table MI depicts the
are the major product regardless of the presence or absence results for a 60-rain reaction in both deaerated benzene
of a catalyst (Wallace, 1966; Schrauzer and Sibert, 1970). and tetradecane solvent The reaction was similar in both
The mechanism of thiol oxidation has been the subject of solvents, but minor differences were found. The product
discussion for many years. Some reports support ionic mix other than solvent products was identical Differences
mechanisms, while others support radical processes (Cohen included a slightly lowered yield of tert-butyl alcohol in
and Aktipis, 1966; Wagner and Zepp, 1974). The results tetradecane, 72.1% vs. 76.7 % in benzene, while the yield
in the present work, Table IL support a radical mechanism. of acetone, 8.6%, was almost double that observed in
We propose that a tert-butoxy or peroxy radical generated benzene, 4.7%. This was an indication that step b in the
from tBHP abstracts the thiol hydrogen (step in). The tBl-P decomposition scheme was more favored in aliphatic
rapid dimerization, step n, then follows generating the solvent and that this step proceeded at a greater rate. The
major product dodecyl disulfide. dodecanethiol was slightly more reactive in tetradecane
I+ C12H2$ + tert-butyl alcohol solvent The major product, dodecyl disulfide, was formed

in greater yield, 80.6% compared to 74.1% in benzene.
(in) Oxidation products of dodecanethiol were consequently

observed in higher yields in tetradecane solvent.
2C H S"-* CISHSESSCI2Hi (n) Products observed from tetradecane solvent participa-

By contrast, hydrogen abstraction by a thiyl radical to tion were tetradecanones and tetradecanols. These were

yield a thiol is only observed in cases involving very stable minor reaction products. The tetradecanones and tetra-
thiyl radicals with active hydrogen donors (Kice, 1973). decanols are reported as totals of all isomers, because the

The thiyl radical once formed has not been observed to isomers elute in an overlapping pattern. Further com-
undergo 0 scission to yield a thione and an alkyl radical plicating the analysis is the coelution of the tetradecanones
(Van Swet and Kooyman, 1968). In the present work, and tetradecanols. To analyze for these substances, the
thiones were not detected, even in trace amounts, in the alcohols were silylated with Tri-Sil (Sweely et al., 1963).
product mix. Alcohols react to form silyl ethers which have a higher

The dodecyl sulfoxide probably resulted from the same volatility and thus a different retention time, permitting
pathways mentioned for hexyl sulfoxide, steps f-h. The a separation of tetradecanones and tetradecanols. No
dodecyl sulfoxide yield was not observed to decrease sig- oxygenated products of the benzene solvent were observed.
nificantly due to further oxidation to the sulfone, similar
to step i, or, for example, its subsequent reaction with the
starting thiol. Alkyl sulfides, alkanethiols, and hydroperoxides are

The minor products observed from the oxidation of reactive species which are known to be present in turbine
dodecanethiol were dodecyl sulfide, dodecanal, and do- fuels. Sulfur (0.4%) is the most abundant heteroatom
decane. In a mixture as complicated as this, it is difficult present in middle distillate fuels. The observed deterio-
to write a detailed mechanism for the formation of these ration of fuels can manifest itself in many ways, including
minor products. For example, at a 30-min reaction period, the formation of insoluble deposits both in storage and in
6.7 mol % represents the partially oxidized products. Do an engine fuel system or nozzle. Trace quantities of com-
the minor products form from these products or is another pounds such as sulfonic acids have also been implicated
mechanism operating? The results do not permit a def- in deposit formation. This paper specifically examined the
initive answer. tert-butyl hydroperoxide oxidation of hexyl sulfide and
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REACTIONS INVOLVING HYDROPEROXIDE FORMATION IN JET FUELS
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INTRODUCTION

Hydroperoxides in jet fuels aetack elastomers in aircraft fuel systems
with consequent leaks or inooeration of fuel controls. Probilems have been
associated with Jet A, 3P-4, and 3P-5 jet fuels. The first reported incidents
occurred with Jet A in Japan in 1962 when fuel hoses of neoprene or nitrile
rubber cracked and leaked (1). In 1976 the U.S. Navy experienced attack on
neoprene fuel pump diaphragms on jets operating in the Phllipines (2). more
recent problems have been encountered in Thialand with P-4 when Buna-N
0-rings cracked and leaks from fuel pumps occurred. All incidents involved
fuels which had been hydrotreated and had peroxide levels from 1 to 8
milliequivalents of active oxygen per kilogram of fuel (peroxide numo.r,P.N.).

.Exminatlon of fuels refined by different processes has indicated that
significantly higher peroxide concentrations exist in fuels which have been
severely hydrotreated. The U.S. Navy has continuing concerns witt this topic
due to increasing hydrogenation for jet fuel processing. In addition,
shale-derived fuel production will involve more extensive and higher pressurehydrotreatmnt. It has been demnstrated that sulfur compounds in lubricating

oils act as antioxidants b~y decomposing peroxides (3). It is believed that
hydrogenation Is responsible r removing natural inhibitors, including
sulfur compounds, to peroxide formation.

Hydrooeroxide concentration has been found to be a factor in fuel
instability. Fuel degradation is observed to occur under long-term
law-temperature storage conditions (storage stability) as well as short-term
high-temperature stress (thermal oxidative stability) (4-7). The latter
situation is found during flight conditions, where fuel serves as a coolant
on its Path to the combustion chamber. Although slight thermal degradation is
found to occur in nonoxidizing atmospheres, the presence of oxygen or active
species such as hydroperoxides will greatly accelerate oxidative degradation

513I



C 0 - 0 -0 CD

0 -, W0 

C 
-0l.3. 

~ 0~

to' W% Sc 0 C. ' '

lS u0.6. v.04 CL) V ~.

~- I a-, 0,-..0

In.C " ) l~ a ~ 11,0 0cu c3

W it it 6 4 . 03 'n~j

4' VU JV - i W 'A ~ ~
0 0 20 W 40) )

p~~~~ U)UU0 co (c4 x.0 W-0000

W--~ U)"4 l. 3C.1 l 0 0 '

00~~0. 1-I~ l.- 1.0
IV 1W S.UV N - '= 3.

H) H- -. - - 0 d, .0. 0. 
6;

W b- 6)04L)L b0( 6 ) W0 W 2SB

l' %- 4 4) 00 Q (

6. x1 0 m 0

c2 ~ J 0 6 (-CD ll- 0 V) 0

-44)U 
1. 

-
v 4

PWUUW4 6d 6.S. WC-oi.. ,- . . 0 C

al C, 0 W20 ft. 0.-4 W V
10 -* %- B. I8W__. V

Vol 0 10 0, 31E0 05

0,01 -1 -4u Inoe m -gi *4-sS. 0 ,CO W..-4-.. a 4) S X0

NO- 6, i . 0 i 'A io.0~'IP 4 .

P~~~ 0-4e *~4 I .'

0 , ' 0. -EI.

we , '. a. '6~

j . 0 W 0.L OU v ).
0 ~-% ' 60 V Cj 31~

to - 2. 0

a u a P c 6. A

&- 0 .. l 0- U, x,4 8
C 0C'- 5. 05CU 0 '0



V~~ 0 C - I 3IJ~~x 88(L-)8 0 c

.8 w C L c- w 0 'u

CL r. %o 0*R:
U) C - 0'%00 'g 88 -L .

M > I' 3i .. J8 to 6. w~ c W
0'~0 -, S - 0.0(

C - 0. %cc
o 0CU

P_ al.- > OC )

_j>W 0s.'%

CL8 m .. 0V0 M ~ 8 a 0 -

>..o- I- w- w 'u c

wh gO ~o-,4 (n III8I- a-- -) . - 8 8C r

-J -I-4- ;L) .0 a- F 0

L6 L - .8 Q).- 8

*0 -U)J 8 4

0868V .- op M. . ' C 6
M.18 . 0. 8. w - . .-.-.o 4018 m 888o
> 38 -0 . 6 8 6. ') .CC3VG

86.~~~ U48 40  V,8.4. 8 . 8 .

8~ ~~~ 1.-.~. in .' 6 X J0 .0 "Co.~ 8 -4

1:o 4. - . * ZizO
4) W 66w v.80 0 8.6 j .t )0 0 11 r 86.1

.Vb 3- 0 -cc.~ 8Nw j

co M 211O6. 'R680lu

CL .6 on~ a,- 40. Mc--w ,4 L 6. V) Q I.

it 6. E4 V. ~
M.6.0 ,o ILI)8 10C ,-

081. a. 6)U6. 8 8 .. - 00. z 00E 06
0l ~ -0

00 46.6.6

48 -4 -484( m.,88

1.4U 88 88!. a 8 .8 8 MR.'.

1. m IS .8 .&7U CL 9:(U 4w~63 .406 4) U) p - .0 8 6eC *. C .' -

>s6 06 ~ 0.. pb. 0 6. 0 0 0 . 6 8

6..6 i 0 C

-. 2 060
U;8.1~e -C o.0 1.10.6 -Cu8Je-2... 8e4 oz..' -'.I 008V~6.-. O e0 C0 - (~ 6-050- 0.

86 0. CM 488 4D L) 06. ~ 4

8 6 . . j C. - h - 6 . 8 6 .c

~~;_ w D.8..4 0~8 0 .8
0- F ~ 10 .8,0.. to 66..4.

6.6.~~ 6..s .''i.&V- 8-

.0 .. 0 f...0 .. 888 6. .0 W 8 fcu
8~ ~~~ a8 >,6 -_ 14 V$-O r . . O .~

4-~~~ 
9.~(0 ICE6.4 6 6



- m=u-'.C

%OC% g-' r'

0? 000 0 00000 C

2j -7-000 0 O~t~

0v0 a 00 :0 00"C D~

00S 
:Du

0..

a 1 dcOc
09 u

Oc' 0 oc

C-i C-j , 0 C cc ~U

P01.~~~~ ~' PO P. 0 O 41 0 9 't'n tr

Pot? P0! P06 P09 POt q'S P9's 0

PoT POZT P06 P09 POE Ol poo Et 0 1

tT* 9T* ZT' 9T* ' -T TZO ts9 t-EL
6T, WT ZT' ED* Lao - ToE Et M*TOZOd -t

6*Zt ME' 8V. 6V' a 0 0 T!T 00T
L'6C SC* 9!' 0T* 0 0 - Tst 08 1,/

0T 0 0 0 - rOT 59 s-EL'
0 0 a 0 0 -O -t OnO0oc6 -P~ t~ E '

9'T9 O*ZL 0*99 VatP 9*tV ZS.S 19'! T:T DOT
6104 VS6 P'?3 4109 Cott Tt'L - Vt 09 ~ *y1 OK

96T TV! C'99 CIES S*CT - - TS01 59 -j
Ecc TTT S'Zg o'rt 'C*E - - !:OE Et MnOT0226d -Z

96'O C'6T £CZ T!'6 991z Solt So* VT DoT9*T Cott VT'u cp'L ES*Z oVT - r 09
69'S 06C t'? N9't St*T - - 1: 59 *oy/i s-EL'
99'? WT.' B'! 0!'! Coo! - oc Et 8TVUJS 'T

i~ ~ TZ IT vZ I- r- T =8 Ton
J,014 NJIIOM 4U0juAf" J *m;! 'dmejx

sozrt4ozeduez. ffn0TOZUA 2v uOT'4vPTxOIed

I 2'ZIV.L



00 0 0

I"- CC) 0
CD

E-44

or~CO Po.~4~

- eq

E-44

00 0 0

m 00 z am 0
0~ 0g

E--4

- 0
o2 0o

0- o4 0o .4 0 0.40 0
cq~et)O 0 IX llc



Col- C 0, -1041 S

3.8I 0 O O a -4 VI r- l p " u 0 0-
-a Vu a1 Z10~ -11= x0

-0 0. -- 300 - 801 V-. V 3
*0 R Oz-Z 0 4 - I- -,

- I.. do 00 " 0 CIL ,c w. - On Ix

W x 0. 0V 0 m w r239 D w- g-...wx C0I-C VV

0U *CV 7?-

a0 m A± >. oWe. w - 0.0V ' V ) 00 "
00~ OV U)t OI-.0I- m Lfl -.

2x 0- c .. l V0

u.,

I-WV W0.0O

0;,. a) 0CC c- D

c um U00 v1 w 0 - wVu0-HeS.E

c -0 I.. OQ V Qf. .- 0 I.0.9~~~~~~~~~ t lt h ncmaCO 1Uj t itli>4)m Q
0 3 0 w to0

V V 0~ ~ I- -- 2 , 0- I3--0 ~ 4
t 0E w 5-. w z~I 75 co -0 -

.> w- -d

0 ..- (n' C-w 0

V &W .~

It c C x

0c -U S- m M 0 c 0 u.~~I-I~r.e uI- -- I>

c w0

CD C. 00

-) cc *0- x - 0

-O -r ZV~ o 00 c0 . u 20>0V V C

L) 0

co.. 0 -C

.~~~' p~- .2-g $ !-

C.)XEV1 % C.. CC 0- c

XI x -



W-)C0~0 0>0. -. L - CC -
r ~ . C efl 4) 0C

>0- 1 O CI to 0 C 0.0 CL

co >. C)~~m

10 , 1, _8 C7u

p-. >- a E) - .- '. . > -0 -

(;I C144

oc J>.0 ILO S. _W awl -0
.0C ..' C, + C0) A C5

'a, I F C
X_0 0 C)

4) .(.e0 L) cc 0/ 0 >40 . 7I* ;

cx 0 ZC U 1 0 . F C D
I L.1 V00
4) 0..; 0 W0l

I' 'sO. >R NO_80~
C4t M0:%t. 6v n

cr+F 1 0 0 ~0 0 0

+ + w toW on

-F 00 S!G) 0 L?2I CI-I(S.

o I-- wl U~ C 4 C

22C- w - 31- C I~

14 . 1- >I 0 > r

CL -L a.).Q

60 (MMW 4)cW, l- cC - ,
-m 40 1.~ -P~ 1) l 0 S

l>.l- C

~l- 0 CI - I-.
WW~ CV _ 

-C 0 ,

9.1 ~~~C 4) 4 O.),04)

cc 30

Ci 4

O~ -- WE .X1..l.4 t14 0 -C S

0.

lN0 12 1 ~.- I to 0 C Y-6(1Y M 2

0 >.1C.

0-,0

V 1) - w - in 0 - ! I 4) 000

I.. a > = _ T M - 0
> - 00I0. I

U 
L l



o~ -, 0 0

* g,0 .. 0-.l090 0 . n-'
-~~~~X --. A1IC 8 tn. .

0 ' 0 1. * iI.4 i 0.1 X

.408)) 
0 , .N

n- 4,- 5n /3 5

.-. * _,w a -. w09C-

6~C
0 

.-- - 1, c

no> 0.E9 
0.4rz 4-C09Q

6) 4

C 004 0 Ci

1. 0 0 5.D -C1 -5..-*

1-~ ~~ 05 0 >, -

1- 0 0 -a '1.4.

0....~. 0 C* n
-8 0(. 70 \-7N" -

09.C~~ uCC. 0..

40 C4 Mn -

>00

'0 0 'I .. C& o
0A

C C94 P.0:

I> c -3

5.,0 c 0.

I0 --- I = I6'

- I H- 1

4.11 0S_ _ a W



t to6 8

!UHIES6? 6
:.. 6 , . G

606. gig\

.00 C 0 L) .6 -. C . - ' w - .6f06 x IN..
46-6464 CD 6? V ~ '46 'a. . 0D4

6. ;- I 0 ; -C 4

CL E6.06

-) it 06 4) Q6"4). '.

0i. 0 0...U

CAJ in's aS 00 .0~~ 6. -- ; 47~ ' .. U~ - -. co ~
64 ~ ~ ~ - 76 o

6 2
j .. - .64N6 U 6 3 0c 4

C.8 H6"5.. .
9.;a -n. -66

IL
Ic - Q WC . M

C 'C 6666 -S -
u. 12 c c 0 .0 0 z i3;;3 w . 1

0 r i a 1

6?60 w .66'6YN cc. x c

1 O ,I



m
I

FUEL SCIENCE & TECHNOLOGY INT'L., 6(2), 165-183 (1988)I
I

LIQUID PHASE OXIDATION OF THIOPHENOL AND INDENE
BY t-BUTYL HYDROPEROXIDE AND OXYGEN

George W. Mushrush, John M. Watkinsa, Robert N. Hazlett,
Dennis R. Hardy and Harold G. Eaton

The Naval Research Laboratory Code 6180
Washington, D.C. 20375-5000 and

aGEO-CENTERS, Inc. Fort Washington, MD 20744

ABSTRACT

The tert-butyl hydroperoxide (tBHP) or oxygen initiated
oxidation of thiophenol in the presence of the active olefin
indene was examined in benzene at 120C. The reaction is
kinetically complex, but it was possible to relate the product
distribution to a few competing reactions. The product mix was
determined for several reaction time periods. The product slate
was similar for all time periods, but yields of the individual
components varied significantly with increasing reaction time.
Gaseous products included isobutylene and a trace of methane.
The major product from tBHP was t-butanol. The major product
observed from thiophenol was phenyl disulfide. Addition
products included the major product 2-phenylthiyl indan.
Oxidation products included: indanols, indanones, and the
sulfoxide and sulfone of the major product 2-phenylthiyl indan.
Solvent participtation was noted by trace amounts of toluene.

INTRODUCTION

In supersonic Navy aircraft, aerodynamic heating can cause

metal skin temperature to rise to high levels. At mach 2.7, it

165
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Catalysts, free radical initiators and inhibitors can materially

alter both the rate of oxidation and the product mix

(Richardson, 1965; Howard and Ingold, 1969; Benson and Shaw,

1970).

Although slight thermal deterioration of fuel is known to

occur in non-oxidizing atmospheres, the presence of elemental

m oxygen will greatly accelerate the deterioration of fuel

properties as well as significantly lower the temperature at

which undesirable products are formed. Thus the stability of

jet fuels is frequently dependent upon the nature of potential

autoxidation pathways which can take place under aircraft

operating conditions.

Thompson et al., 1949, found that sulfur and disulfides were

active promoters of instability in stored fuels while aliphatic

thiols and sulfides had little effect on the same fuels.

Schwartz et al., 1964, reported that alkyl mercaptans, sulfides

and disulfides accelerated the formation of deposits in cracked

gasolines.

Taylor i Wallace, 1967, found that deposits formed in jet

fuel in the presence of oxygen contained a greater percentage of

sulfur than that present in the fuel itself. The formation of

these deposits has been attributed to the participation of

I mercaptans, sulfides and disulfides (Taylor and Wallace, 1968).

In jet fuels that have been deoxygenated, sulfides and

disulfides have been found to lead to increased solid formation

I
I
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The previous work on thiophenol with olefins such as indene

was performed at temperatures in the range of 20-40C with an

excess of oxygen (Ford et al., 1958, 1962; Kharasch, et al.,

1951). The major product under these conditions, 2-phenylthiyl-

1-indanyl hydroperoxide, was only observed to be a minor product

in the present study. The thrust of the earlier work was a

study of the stereochemistry for the formation of the major

product. The present work is concerned with the complete slate

of products and the reaction mechanism both for the oxygen and

t-butyl hydroperoxide induced autoxidation of thiophenol in the

presence of the active olefin indene in benzene solvent at 120C.

EXPERIMENTAL

Reagents. tert-Butyl hydroperoxide, tBHP, (90%), thiophenol,

indene were obtained from Aldrich Chemical Co. They were

distilled in vacuo to 99.9% purity. Benzene (Aldrich Gold Label)

was refluxed and distilled from calcium hydride. The

distillation of any peroxide requires caution. For t-butyl

hydroperoxide we employ the following conditions: a small

volume, 15-20m1, under sufficient vacuum such that the

temperature does not rise above 300C.

Method. The reactions were carried out in sealed boros~licate

glass tubes. The reagents (typically 3-9xlO -4 mol of tBHP and

I6xl1 -4 mol of both thiophenol and indene in 0.6ml of benzene)

I
I
I
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lmL/min was combined with an inlet split ratio of 60:1 and a

Itemperature program with an initial hold at 50oC for 8 min, a

ramp of 40C/min, and a final temperature of 2600C.

Gases formed during the reaction were analyzed using a

Perkin-Elmer Model Sigma 2 gas chromatograph equipped with a 6

ft. 5A Molecular Sieve column. In this mode, the column was

operated at 55C. The chromatogram was recorded and integrated

on a Hewlett-Packard Model 3390A reporting integrator. An

external standard was used for calibration. A gauge measured

the pressure in the sample loop at the time of analysis.

RESULTS AND DISCUSSION

At temperatures of 1200C or greater, tBHP decomposes

rapidly by an autoinitiated pathway (Mosher and Durham, 1960;

Hiatt, 1980). The major reaction pathway in the 1200C

decomposition of tBHP involves attack by free radicals present

in the solution. The detailed mechanism is complicated since

free radicals are sensitive to structural, solvent and

stereoelectronic effects.

The results in Table I illustrate the product distribution

for the tBHP, indene and thiophenol derived products. The

quantities are expressed in terms of mole percent conversion

from the moles of reactant originally present. Products derived

solely from tBHP (for example acetone) are calculated based on
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Self Initiation

tBHP 120C (CH3)3C0- + .OH

Propagation

(CH3)3C0. beta scission - (CH3)2 C0 + "CH3  2

X-H + (CH3)3C0. H an6traetion (CH3)3 0H + "X 3

tBHP + X. H abstraction _ (CH3)3 C00. + X-H 4

Termination

- 2 (CH3)3C00- [(CH3)3C]202 + 02 5

i 2X X2 6

Scheme II
Additionally, the hydrogen abstraction from thiophenol by the

t-butoxy radical, step 3, occurs at a much more rapid rate than

from other functional groups studied previously. Under the same

reaction conditions, Mushrush and Hazlett 1985a, reported for

the reaction of alkyl aldehydes with tBHP a yield of 30.0%

t-butanol for a 15 min stress period. This is to be contrasted

with the 54.3% of t-butanol in the present study at the same

time period. This difference in reactivity was not surprising.

Hydrogen abstraction is more difficult from a hydrocarbon than a

thiol (Denisov, 1974). From the beta-scission step, the yield

of acetone in the present work was observed to be less than from

the reaction of tBHP with alkyl aldehydes. Mushrush and

Hazlett, 1985a, reported that for a 15 min time period the yield

of acetone from the react'on of tBHP with alkyl aldeydes was
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result from either Scheme I or II could subsequently react

I primarily with thiophenol. The thiyl radical formed reacts

overwhelmingly with olefins that are present in the reaction

mixture. This process can be described by Scheme III.

The reaction of molecular oxygen or tBHP with thiophenol can

I proceed by the following chain mechanism (steps 16-17). The

t-butoxy radical is more reactive than the t-butyl peroxy

J radical and consequently is a more probable reactant in such a

mechanism (Walling, 1957).

1 + t-C4HgO" - OS" + t-C4HgOH 16

I OSH or or

1 + 02 0.O S. + HO2 "  17

The thiyl radical once formed can then react by several

different pathways. In a solution with a high molar

concentration of an active olefin, the reaction could proceed as

shown in steps 18-19 (Ford et al., 1958; Kharasch et al.,

I 1957).

R2C-CH(R)(SO) 18

OS + R2C-CHR or

I eSCR 2-CHR 19
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Table I

Mole % Conversion for the Reaction of Indene with Thiophenol
and Oxygen or t-Butyl Hydroperoxide at 120C

CONVERSION (MOLE %)

Reaction Time (Min)
Oxygen tBHP

15 30 60 15

Addition Procuctsa
2-phenylthiyl indan 39.4 58.2 55.8 48.3
2-phenylthiyl-1-indanol 0.8 1.7 2.1 1.6
l-phenylthiyl-2-indanol 0.2 0.4 0.4 0.4
2-phenylthiyl-l-indanone 0.4 0.8 0.8 0.6
phenyl disulfide 2.1 3.8 6.1 2.7
phenyl thiosulfonate 0.1 0.2 0.5 0.3
Unreacted
indene 49.2 34.9 26.2 43.4
thiophenol 44.3 31.1 20.7 39.7
tBHP Products
acetone 0.7
t-butanol ---- 54.3
isobutylene ---- 3.2
di-t-butyl peroxide -- 0.5
Minor Products (0.1% or less)
1-indanone 2-indanone
1-indanol 2-indanol
toluene methane
2-phenylsulphinyl-l-indanol
1-phenylsulphinyl-2-indanol
2-phenylsulphonyl-l-indanol
1-phenylsulphonyl-2-indanol
Trace Productsb 3.2 3.1 4.6 2.9

Reactant concentrations for all runs were identical
a. based on the starting moles of indene.
b. summation of small peaks
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The thiyl radical can also undergo a dimerization reaction to

produce the disulfide, step 15, and subsequently more extensive

oxidation to yield the thiosulfonate product, step 23. These

are minor products compared to 2-phenylthiyl indan.

The 2-phenylthiyl indanyl radical, step 20, can react by

several pathways. Hydrogen abstraction, step 21, would lead to

the major observed product 2-phenylthiyl indan. Step 22, the

reaction witn oxygen would lead to the secondary product,

2-phenylthiyl-l-indanyl hydroperoxide. This secondary product

was not detected by GC/MS, out the alcohols and ketones from its

decomposition were found. Based on other hydroperoxide studies,

it was not surprising that this hydroperoxide compound was not

observed (Mushrush and Hazlett, 1985a, 1987).

SUMARY AND CONCLUSIONS

Deterioration of fuels can manifest itself in many ways,

including the formation of insoluble deposits both in storage

and in vehicle fuel systems. Alkyl hydroperoxides ana sulfur

compounds such as thiols and olefins are reactive species which

are known to be present in turbine fuels. Sulfur (up to 0.4%)

is the most abundant heteratom present in military jet fuels.

At present, it is not possible to correlate instability with

specific sulfur compounds. This paper specifically examined the
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ABSTACr

The role of orgo-ulfur compods and hy e on the axdative
stability of middle distillate fuels is not well erstood. Differences in
fuel crposition, reaction surface, hydroeroxide o,-o etation, dissolved
oen and reaction te-Ferature all corytribute to the variation in observed
results. In an effort to clarify this situation, we have examined the
t-butyl hydrcperoxide liquid phase ocxidation of hexyl sulfide, dodecyl
thiol, hexyl disulfide, substituted thicphenes, and thicenol in benzene
and a model fuel, t tradecane. The relationship betw organo-sulfur
compourxds and the peroxidation of JP-5 have been studied under conditions of
acelerated storage.

=n CTICN

The formation of solid deposits in middle distillate fuels has been a
continuinq problem in the utilization of these fuels. Deposits can plug
nozzles, filters and coat heat ext e s=rfaces. Deposit formtion in
fuels i triggered by autoxidatin reactions. Although slight thermal
degradation is known to occur in nonocidizing atmosperes, the presence of
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oxygen or active oxygen species such as hydroperoxides will greatly
accelerate oxidative deradation of fuels as well as significantly lower the
temperature at which undesirable products are formed. The stability of
middle - distillate fuels is consequently dependent upon the nature of
potential autoxidation pathways which can occur. Heteroatcms and ash have
been fcu-d to camprise up to 40 percent of such deposits [1]. The sulfur

content of these deposits has been found to vary from 0.3 to 9 percent
(2-5]. Sulfur (0.4%, maximum allowable) is the most abundant heteroatam
present in jet fuel. The source of sulfur in these deposits has been
attributed to the participation of thiols (mercaptans), sulfides and
disulfides [6]. In jet fuels that have been deoxygenated, sulfides and
disulfides have been found to lead to increased solid formation [7]. By
contrast, it has been demonstrated that sulfur compounds in lubricating oils
act as anticxidants by decmposing peroxides [8].

The rates of reactions in autoxidation schemes are dependent on
hydrocarbon structure, heteroatan concentration and speciation, oxygen
concentration, ard temperature [9-10]. Catalysts and free radical
inhibitors can materially alter both the rate of oxidation and the product
mix [10]. If sufficient oxygen is present, the hydroperoxide concentration
will reach a high concentration. If the available oxygen is low, but the

=ture raised, the hydroperoxide concentration will be limited by free
radical decoznpition. Under these conditions, fuel degradation can be
associated both with hydroperoxde formation and deccmposition. The
detailed mechanism of hydroperoxide decoaposition is complicated since free
radicals are sensitive to the slight changes in their chemical enviroment.

This paper is concerned with the reaction between a primary autoxidation
product, a hydroperoxide, and organosulfur caTounrxs of the type known to be
present in middle distillate fuels. Specifically, we examine the tert-butyl

hydroperode oxidation of hexyl sulfide, dodecyl thiol, substituted
thic henes, and hexl disulfide in both deaerated benzene and a model fuel,
tetradecane, at 120 C. In addition,the relationship between organo-slfur
c"potids and peraxidation of JP-5 was examine using model dpants ad to
JP-5 jet fuel aid stressed under 650C accelerated storage conditions.
Samples were analyzed on a weekly basis for peroxides and sulfur compound
concentration.

m a tert-autyl hydroperoxide, tBHP, (90%), hexyl sulfide, dodecyl
thiol, thiopene, benzothiophene, thiophenol and hexyl disulfide were
obtained fz Aldrich Chemical Co. They were distilled in vacuo to 99.9%
purity. The solvents benzene (Aldrich Gold Label) and tetradecane (Fisher
certified) were refluxed and distilled from calcium hydride. JP-5 fuel was
a stable jet fuel supplied by a U.S. west coast refiner without
antioxidant. It was filtered before use, but otherwise used as received.

Method. The reactions were carred out in sealed borasilicae glass tubes.
The reagents (typically 3-9x10 ' l of tBHP and 6x10 ml of sulfur
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i mp i in 0.6 ml of solvent) were weighed into 6 in. long, 1/4-in. o.d.
Pyrex tubes closed at one end and fitted at the other with a stainless steel
valve via a Swagelok (Teflon ferrules) fitting. The tube was attached to a
vacaun system, cooled to 77Y and subjected to several freeze-pump-thawI cycles. The tube was then subseuently flame-sealed below the valve. The
ullage volume (0.30 ml) was kept constant for all runs. The deaerated
samples ware warmed to ram tenperature and immersed in a Cole-Parmer
fluidized sand bath. The temperature was controlled by a Leeds and Northrup
Electrax III temperature controller. The total pressure during each run
was estimated to ve less than 1 atm for the tetradecane solvent and 5.1 atm
for the runs in benzene solvent. After the reaction period the sealed tube
was quenched to 77K and opened.

Samples were heated for time periods of 15, 30, 60, 120 and 180 min
except for those runs with the more reactive thiols (60 min maximn~). A
search of the literature gives a few examples of catalytic behavior with
glass systems [11-12]. However, when a glass tube was partially filled with
crushed Pyrex, thus increasing the surface area, the results at 1200 C for
the reaction time periods were not substantially altered.

The samples were analyzed by combined GC/MS (EI mode). The GC/MS unit
consisted of a Hewlett-Packard Model 5710 GC, a H-P Model 5982A mass
spectrometer, and a Ribermag SAMR GC/MS data system. Also, a Finnigan Model
700 lTD coupled to a 5890A Hewlett-Packard GC and the Finnigan Data
Reduction Program was employed. An all glass GC inlet system was used in
conjunction with a 0.31 m x 50 m SP-2100 fused silica capillary column for
both N~S systm.

A material balance was assessed for each compound. The major peaks of
the chrmatogram accunt for approxitely 81 to 99% of the original
compounds. The 81% was observed only for tH4P in runs with hexyl sulfide at
long reaction times. These runs also formed many partially oxidized
products. The very small peaks account for another 5 to 10%. The product
distribution was repeatable to 2 to 3% for each component.

Accelerated StoraTe. The method has been described in detail elsewhere
[13], but in brief tests were carried out in brmmn borasilicate glass
bottles, 500 ml total capacity, capped with teflon liners, containing 300 ml
of fuel per bottle. Stress tests were cmrduted at 650 C for eight
weeks. Samples were analyzed weekly for peroxide mcentration by a
modified ASTIM D3702-85. A Mettler D120 autamatic titrator was employed thus
eliminatirg the need for a starch i'dicator. Sulfur cr-mtration was
monitored weekly with a Tracor 565 gas dchrnatograph equipped with a 0.31 mm
x 50 m SP-2100 fused silica capillary column and a sulfur specific 700A Hall
electrolytic conductivity detector. Samples were analysed in triplicate
with an external standard.

RESLTrS AND DISCUSSION

t P rocts. The mechanism of autoinitiated tBH decomposition can beE depicted by the following equations:
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I
Self Initiation

120C (3)300 + 'CH 1)

Propagation

(a3)3C. beta scission (C3)2C  + "m3 2)

(a'3)3C0" + X-H hydrogen (CH3)3CCi + "X 3)

abstraction

(C3)3C0 + (a{3)3cOc ..hvdr-en (CM3) 3 CI{ + (C. 3 )3C0. 4)

abstraction

Trmination

2(C-3)3C00" [(C- 3 ) 3C] 2 02 + 02 5)

2X" X2  6)

I
The major product fron tBHP when reacted with various classes of organo-

sulfur compounds was t-butanol, equations 3) and 4), with yields up to 75%.
Small amounts of acetone, equatin 2) up to 3.5%, were also observed. The
greater yield of t-butanol cupared to acetone definitely shows that
hydrogen abstracti was favored over cleavage under the conditions of this
study. The increasing yield of acetone as reaction time inceased, however,
indicated that at long reaction tie beta-scission was a viable campeting
pross to drcg abtracion. Other products noted, 1 - 2%, from tM
inclded: i s tylemne, methane, and d -t-utyl peroxide. Methane resulted
from a hydrogen abstractin by the methyl radical, equation 2), di-t-butyl
peroxde fra equation 5), and iscbtylene fran an acid catalyzed
dehydration of t-butanol.

Sulfide products. The major product observed fro the oxidation of hexyl
sulfide by tEIP was hexyl sulfoxide. Its yield varied fran 74.8% at 15 min
to 85.3% at 30 min, gradually decreasing to 80.7% at 180 min of reaction.
Other products included: hexyl sulfone, 1.2% at 15 min gradually increasing
to 4.0% at 180 min; hexyl disulfide, 0.3% to 0.6%. Minor products included
dihexyl thiosulfinate, 0.1%; hexanal, 0.2% at 15 min increasing to 0.3% at
60 min, decreasing to 0.2% at 120 min and disappearing at 180 min; hexene,
0.1% at 15 min, increasing to 0.3% at 120 min and decreasing to 0.2% at 180
min; and hexane, 0.1% at 15 min increasing to 0.4% at 120 min and decreasing
to 0.2% at 180 min. Many trace products, yields less than 0.1%, were
formed. Most of these products were partially oxidized substances that
could not be readily identified by M. An extensive discussion of the
meh&a of formation for the entire product distribution can be found
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I elsewhere ( 14)

The hexyl sulfaxide could result fr-m several T hnisns. The most
likely. m anim howjever, would be the reaction of the tBHP itself with the
hexyl sulfide followed by a rapid proton transfer and 0-0 bond rupture,equation 7), [153.

(C6 H13)2 S C) -0- c4H13  7)
H

Exansion of the sulfur valence shell is probable in the processes involved
in this step. Another mchanim could involve the attack of an oxygen
centered radical, i.e., peroxy on sulfur followed by a beta scission [16].

The resultirq sulfoxide once formed is quite stable. The sulfoxide
oxidation product, hexyl sulfcne, varied in the present work from an initial
1.2% at 15 min to 4.0% at 180 min of reaction. This slight increase
compared to the yield of hexyl sulfoxide at 180 min (80.7%) illustrates the
resistance of an alkyl sulfoxide to oxidation by a hydroperoxide. The
oxidation of a sulfoxide to a sulfone is believed to proceed by a mechanis
similar to that for the sulfoxide formation.

- Thiol 1rod . The major product from the oxidation of dodecyl thiol by
tBHP was dodecyl disulfide, 74.4% at 15 min increasing to 78.8% at 30 min
and then decreasing to 74.1% at 60 main. Other oxidation products included:I dodecyl sulfoxdde, 2.3% at 15 min decreasing to 2.1% at 60 min; dodecyl
sulfcne, 0.9% at 15 min increasing to 1.7% at 60 min. Minr reaction
products observed were: Dodecyl sulfide, 1.9% at 15 min decreasing to 1.4%
at 60 min; dodecanal, 0.6% at 15 min increasirg to 1.1% at 60 min; dodecane,
0.1% at 15 min increasing to 0.4% at 60 min; and trace (less than 0.1%)
amounts of dodecyl thiosulfinate. In addition, small amounts of dodecyl
sulfonic acid were observed. To determine this product, the solution was
derivatized to the methyl estwr and determined by solid probe MS.

The mechanism of thiol oxidation has been the subject of dlisassion for
mny years (17]. We support the thesis that the t-butoxy or peroxy radical
generated from tEHP abstracts the thiol e , equation 8). Rapidelimerization, equation 9), then follows generating the major product dodecyl
disulfide.

IC12H25SH + t-C4HAW C12H25S* + t-buztanol 8)

I 2 C1H 25S" C 2H25-S-S-C1H 25  9)

I
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Thiol in tetrOadne. The reaction was similar both in benzene and
tetradecane, but minor differenes were found. The product slate, other
than solvent products, was identical. Differences included slightly lowered
yield of t-butanol in tetradecane, 72.1% vs 76.7% in benzene, while the
yield of acetone 8.6% was ineased from that observed in benzene. The
maicr product dodecyl disulfide was formed in greater yield, 80.6% conpared
to 74.1% in benzene. Dodecyl silfonic acid was also noted in this solvent.
Products observed f tetradecane solvent participation were tetradecanones
and tetradecanols. These were minor products and are reported as totals of
all isors, because the isomers elute in an overlapping pattern.
T d o for a 60 min stress were 0.3% and the tetradecanols were
found to be 0.6%. By contrast, no oxygenated products of the benzene
solvent were observed.

Thionhene mroducts. Thichene ccmpouds investigated were thiohene,
tetrahydrothiopene, 2,5-dimethyl thiophene and benzothiophene. Reactions
with tIHP were conducted in benzene solvent. The reaction for thiphene
with tEHP is illustrated in equations 10) - 12).

The oxidation of tetrahydrothiphene by tHP gave the sulfoxide as the
major product; at 15 min the yield was 13.8% increasing to 26.8% at 180
min. A mcanism similar to equation 7) would be predicted for the
sulfoxide formation. Fram tEP, t-butanol increased frm 34.1% at 15 min toI 68.6% at 180 min, acetone increased fr 1.3% to 2.3% at 180 min. Other
pro ts included: tetrahydrothipphene sulfone, methane, isobutylene, and
di-t-butyl peroxide. M this cyclic sulfide gave a product slate similar
to an aliphatic sulfide aithough the yields were mxc lower.

Thiophene and its methylated analog do not yield simple, easy to
identify products. In fact, no GC identifiable products were formed in any
of the runs. Rather, an intractable water soluble solid results at all
reaction ti. Detailing the reaction mechanism for the thiommnes is
further amplicated in that the solid product itself is not thermally stable
[16]. Products identified in the solid from both thiphene and 2,5-dimethyl
thiophene included traces of the sulfoxide, the sulfone, and the water
soluble Diels-Alder condensation products, 4:7:8:9-tetrahydro-4:7-sulriinyl
thionaphthene 1:1-dioxide (I), and thicnaphthene 1:1 dioxide (II), along
with the 2,5-dimethyl analogs. Both products were identified by solid probe
MS. Onfirmation of both structures was by synthesis of the compounds and a
cxzparison of their MS spectra [18]. The 2,5-dimethyl thiophene was more
reactive than the thiophene as measured by thiophene disappearance.

The literature contains little information on thiophene cxidation
especially in a radical environment [19-21]. The thiophene ring system can
survive moderate oxidizing conditions. However, if the ring is attacked, it
generally breaks down to oxalic or other substituted carboxylic acids with
the sulfur being converted to sulfuric acid [22]. With tEHP, no evidence of
ring opening was observed.

Benz&thiophene was the least reactive, as measured by reactait
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disappearance, sulfur coapound studied. At the end of a 180 min stress
period >97% of the benzothiophens remained unreacted. In the presence of
tBRP, benzothiq*iene yields minor amuts of the sulfone product and a trace
of the sulfodde pro t.

tBHP + E

IS7 1200C 0 02 10

o 0 2

(4 + 2)
IAddition

I (I) I

02

Cheletropic

extrusion

02

Oxidation

I I ~7 (II)12
12)

j o2

Thiol. olefin Drdtu he reaction of thiols with active olef ins, such asI styrene a ind mrene was investigated with both men and tEHP. For the
styrene reaction with molecular oxygen and thioohenol the major product
ckerved was the addition product, 1-phenyl-(2-0ienylthiyl) ethane; at 15
min its yield was 41.3% increasing to 71.2% at 30 mi an decreasir to
68.3% at 60 min. Other products included: the 1-phenyl-(l-phenylthiyl)
ethane isomer, 1,4-dikienyl butane, 1-.ieny1-(2-phenylethyl) sulfoxide,
1, 4-diphenyl- (2-phenylthiyl) butane, and phenyl thiosulfcnate. Trace
products (< 0.1%) included: 1-phenyl-(2-phenylethyl) sulfone, styrene
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oxide, #Ienyl methyl sulfide and 2-ethyl toluene. For a 15 min stress with
tEIHP, the product slate was the sam for both oxygen and tHP, hut the
yields of iniividual ccuipnents varied significantly. The major product,
l-phenyl-(2-0enylthiy1) ethane inceased to 62.4% and the sulfoxide product
was more than doubled at 3.9% in the presence of the strorqer oxidant, tHiP.

The product slate for the indene reaction with oxygen included both
addition and oxidation products. The major addition product observed was
2-Ienylthiyl indan; at 15 min its yield was 39.4% increasir to 58.2% at 30
min and decreasing to 55.8% at 60 min. Another addition product was phenyl
disulfide. Oxidation products included: 2-penylthiyl-l-indanol and
indanone, 1-phenylthiyl-2-indanol and indanoe, and phenyl thiosulfonate.
Minor products included: 1- and 2-irdanols and irdarones, 2-phenylsulphinyl
-1-irdanols, l-pienylsulphinyl-2-indanols, 2-pinylsulophnyl-l-indanol, and
1-#enyl sulph=Wyl-2-indanol. The major product showed a significant
increase in yield when the reaction was carried cut with tHP, 48.3% at 15
min. In these tBHP runs, t-butanol was the major product from the
hydroperoxide.

The reactions with either molecular oxygen or tH4P and a thiol can be
described by the following mcanism steps. The thiyl radical once formed

+02 2s" + W2" 13)

I S or or

+ t"C4HO - M. + t-C 4H9 CH 14)

Where R = alkyl or aryl

can then react with an active olefin. For styrene, the reaction sequence
with thicphenol can be described by the following equations.

H2C-O{ (0) (SO) 15)

I + H2 0-CHO or

I S%-CO 16)

Equation 16) was the preferred pathway since it resulted in the more
thermodynamically stable radical. For styrene the major product, 1-penyl-
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(2-phenylthiyl) ethane, then resulted from hydrogen abstraction, equation
17). The other radical generated, equation 15), leads to one of the
observed minor products, l-phenyl- (1-phenylthiyl) ethane. For the reaction
with inxene, only the 2-phenylthiyl indan reaction product was observed from
steps 15) and 16).

Disulfide products. Oxidation of disulfides leads ultimately to sulfonic
acids, but several of the oxidation intermeiates can be obtained. In the
present work in the presence of the mild tEHP oxidant at 1200 C the major
products observed are the intermediate oxidation products with only a minor
amount of sulfcnic acid produced. For hexyl disulfide, two major oxidized
Products were observed, the hexyl thiolsulfonate and the hexyl disulfone.
Minors aimounts of the hexyl thiol, hexyl sulfoxide and hexyl sulfone were
observed. tEHP products included the major product t-butanol, along with
acetone, and isobutylene. The observed disulfide oxidation products can be
interpreted by the following mechanism.

0 0 0 90
R-S-S-R - R--S-R - R-S-S-R--I- R4-S-R - R- -- R -- R-SO3 H

6 66 oo
Thiolsulfinate Thiosulfonate Sulfinyl Disulfone Sulfonic

Sulfone Acid

Accelerated Storage. The above results indicated that sane sulfur caqIcuris
might be inhibitors for controlling hydroperoxide formation in jet fuels.
Therefore, samples of an aviation turbine fuel that undergoes extensive
peroxidation ware doped with different classes of organo-sulfur compounds at
0.03% added sulfur and analyzed for hydroperoxide formation during a
650 C/eight week stress period. The organo-sulfur coupounds employed as
dopants included: n-noCyl thiol, n-butyl sulfoxide, n-butyl sulfone, 2-butyl
thiophene, and benzothiophene. Figure 1 shows the results for both the
undoped control and the n-nonyl thiol doped JP-5 fuel. This dopant was
dramatic in its control of hydroperoxide formation. It eliminated
measurable hydropercxides. Figure 2 shows the effect of added sulfur in the
form of n-butyl sulfoxide. This dopant also exhibited control over
peroxidation. The results for n-butyl sulfone, Figure 3, are different. A
slight enhancing action on peroxidation was noted. n-Butyl thiopen,
Figure 4, and benzothiphene, exhibited no controlling action. In fact, a
negative syngerism was operating to increase peroxidation above controllevels.

The results of the accelerated storage tests can be intrepreted based on
model studies. Thiols as reported in this paper are readily oxidized,
forming small amounts of sulfonic acids. Sulfoxides are somewhat resistant
to oxidation at 120 0 C, while sulfones are stable at temperatures well
above 1200 C. These observations could account for the behavior noted with
these dopants under accelerated storage conditions. Model studies have
indicated that the thiophenes are the most oxidation resistant organo-sulfur
compounds under the relatively mild conditions of this investigation. Alkyl
substituted thiophenes and benzothiophene were the most unreactive sulfurI
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componds stLdied. At stress ties of 180 min at 1200C, >97% of
benzothicphene remained unreacted. Results for the thiophene dopant studies
show that they do not control the formation of hydroperoxides. Since they
are so oxidation resistant, the hydroperoxide concentration increases are
uncontrolled.

SUM@ARY

The observed deterioration of fuels can manifest itself in many ways,
including the formation of insoluble deposits both in storage and in an
engine fuel system or nozzle. Reactive species in petroleum fuels which may
be involved in the deterioration are alkyl sulfides, thiols, aromatic
thiols, disulfides, thioptnes and hydroperoxides. Trace quantities of
compouds such as sulfonic acids have also been implicated in deposit
formation. This paper specifically examined the hydroperoxide or oxygen
induced oxidation of hexyl sulfide, dodecyl thiol, thiophenol, hexyl
disulfide, substituted thiophenes, and the co-oxidation of thiophenol with
the active olefins,styrene and indene, in both deaerated benzene and
tetradecane solvents at 120C. The product mix was studied over various
reaction times of 15 min to 180 min. For each organo-sulfur ccup0cund, a
common slate of products was observed for all reaction time periods. The
yield of individual ! rotnts, however, varied significantly with reaction
time. The major product derived from the tEHP was t-Wutanol. Other
observed tMHP products included methane, acetone and isobutylene. The major
product fr the hexyl sulfide oxidation was hexyl sulfoxide. Other sulfur
conainirg products were hexyl sulfone, hexyl disulfide and hexyl
thiosulfinate. The major product from dodecyl thiol was dodecyl disulfide.
Oxidized products included dodecyl sulfoxide, dodecyl sulfide and dodecyl
sulfone. Hexyl disulfide gave primarily oxidation products, hexyl
thiolsulfonate, and hexyl disulfone. The substituted thiphenes gave
sulfoxideS, sulfones and the Diels-Alder product from these reactive
species. The Diels-Alder products formed from the thiopbenes were observed
to be water soluble. From the co-oxidation of thiophenol with styrene, the
major product was 1-phenyl- (2-phenylthiyl) ethane. Other products
included: 1-phenyl-(l-phenylthiyl) ethane and the oxidized products
phenyl- (2-phenylethyl) sulfoxide and phenyl thiosulfonate. For indene,
the major addition product observed was 2-phenylthiyl indan. Oxidation
products included the 2-pheylthiyl-l-irdanol and indanone. These products
werxe derived from the breakdown of hydroperoxide of indane. Minor amounts
of the oxidized addition products were also observed.

The results of the accelerated storage studies with sulfur dopants in
jet fuel can be intrepreted based on the results and mechanisms observed
with model compounds.

Solvent participation was noted by the formation of toluene from benzene
and tetradecanones and tetradecanols from tetradecane. No oxygenated
products of benzene were observed.
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ABSTRACT

Hydroperoxides in jet fuels attack elastomers in aircraft fuel systems
resulting in leaks or incperation of fuel controls. Examination of fuels
refined by different processes has indicated that significantly higher
peroxide concentrations exist in fuels which have been severely
hydrotreated. It is believed that hydogenation is responsible for
removing natural inhibitors, including sulfur compounds, to peroxide
formation. To test this thesis, the relationship between aryl thiols and
perOXIdation of jet fuels was examined using model dopant studies under
650C a1et storage conditions. Samples were analysed on a weekly
basis for peroxides and sulfur compound concentration. Thiophenol
demonstrated effectiveness in reducing and/or controlling peroxide
concentration for an equivalent ambient storage time of approximately two
years.

INTRODUCTION

Hydroperoddes in jet fuels attack elastomers in aircraft fuel systems
with ' nsecnient leaks or incperation of fuel controls. Problems ha% - been
associated with Jet A, JP-4, and JP-5 jet fuels. The first reported
incidents oc%-urred with Jet A in Japan in 1962 when fuel hoses of necprene
or nitrile rLbber cracked and leaked (1). In 1976 the U.S. Navy
exper-ienced attacK = neoprene fuel pump diaphragms on jets operating in
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the Phillipines (2). More recent problems have been encountered in
Thailand with JP-4 when Buna-N O-rings cracked and leaks from fuel pumps
occurred (3). All incidents involved fuels which had been hydrotreated
and had peroxide levels from 1 to 8 milliequivalents of active oxygen perkilogram of fuel (peroxide number or P.N.).

Examination of fuels refined by different processes has indicated that
significantly higher peroxide concentrations develop in fuels which have
been severely hydrotreated. The U.S. Navy has continuing concerns with
this topic due to increasing hydrogenation for jet fuel processing. In
addition, lower grade crudes and future shale-derived fuel production will
involve more extensive and higher pressure hydrotreatment. It has been
demonstrated that sulfur compounds in lubricating oils act as antioxidants
by decomposing peroxides (4). It is believed that hydrogenation is
responsible for removing natural inhibitors, including sulfur compounds,
to peroxide formation.

Hydroperoxide concentration has been found to be a factor in fuel
instability. Fuel degradation is observed to occur under long-term
low-temperature storage conditions (storage stability) as well as
short-term high-temperature stress (thermal oxidative stability)
(5,6,7,8). The latter situation is found during flight conditions, where
fuel serves as a coolant on its path to the combustion chamber. Although
slight thermal degradation is found to occur in non-oxidizing atmospheres,
the presence of oxygen or active species such as hydroperoxides will
greatly accelerate oxidative degradation as well as significantly lower
the temperature at which undesirable changes in fuel take place. The
rates of reactions in autoxidation schemes are dependant on hydrocarbon
structure, heteroatom concentration, oxygen concentration, and temperature
(9,10,11). If sufficient oxygen is present, the hydroperoxides will reach
a high level. If the available oxygen is low, but the temperature raised,
the hydroperoxide concentration will be limited by free radical
decomposition. Under these conditions, fuel degradation can be associated
with both hydroperoxide formation and decomposition.

Several solutions to the problem of fuel peroxidation have been
suggested. Antioxidants have been mandated by some authorities,
particularly for hydrctreated fuels. Viton elastomers and other materials
have been proposed as replacement materials but their low temperature
properties make them marginal for aircraft use. Clay filtration has been
suggested as a means for field removal of hydroperoxides but this
treatment has been found to be too expensive (2). Although hindered
phenols have given satisfactory peroxide control, those phenols which are
permitted in the jet fuel specifications were developed for gum control in
gasoline. Their effectiveness for peroxide control was found to be
marginal, depending on structure (12). Rolls-Royce defined the
peroxidation potential of a fuel with an accelerated 100 0 C test for 24
hours (1). Investigations into the relationship of temperature to
peroxide concentration in fuel, along with determining the relevance of
the 100 0 C test to ambient storage conditions, indicated that fuels
containing antioxidants behaved differently at different temperatures, and

I o



I
in fuels without antioxidants, peroxide levels were lower than expected at
the lower temperatures (12). A comparison of peroxidation rates in two
fuels, one with and one without antioxidant, showed that a fuel without
antioxidant produced peroxides at a linear rate while a fuel containing
antioxidant produced peroxides in an exponential fashion, indicating a
depletion with time of the antioxidant and its ability to control
peroxidation (12).

Sulfur is the most abundant heteroatom present in jet fuels (up to
0.4% allowed by specifications). Deposits formed in jet fuel in the
presence of oxygen contain a higher percentage of sulfur than that present
in the fuel itself (13). The formation of these deposits has been
attributed to the participation of sulfides, disulfides, and thiols
(mercaptans) (14). In jet fuels that have been deoxygenated, sulfides and
disulfides have been found to lead to increased solid formation (15).
Examination of the reactions between both alkyl and aromatic thiols with
tert-butylhydroperoxide have indicated that aromatic thiols are more
reactive than other classes of sulfur compounds with hydroperoxides. The
reaction of thiophenol with tBHP was found to produce trace amounts of
sulfonic acid while depleting the amount of both reactants in solution
(16). It was thus desirable to test the relationship between sulfur
compound reactivity and peroxide formation using an aryl thiol as a model
dopant under accelerated storage conditions.

This paper discusses the effect on hydroperoxide formation of using an
aryl thiol, thiophenol, as a dopant in a Jet A, a shale-derived jet fuel,
and two jet fuel blending stocks under 65 0 C accelerated storage
conditions. A 650 C stress test was chosen for the sulfur compound study
based on previous time-temperature peroxidation studies completed at NRL
(12). The effect on peroxide formation versus added sulfur concentrations

* is also reported.

_EXPERIMENTAL

Fuels and Reagents. The four fuels used in the investigation were a
Shale-fl JP-5, a Jet-A, a Hydrocracked and a Hydrofined Jet A blending
stock. Thiophenol was obtained from Aldrich Chemical Co. and was
distilled in vacuo to 99.9% purity.

Method. The stress test was patterned after that used by the laboratories
which participated in the recent Coordinating Research Council cooperative
studies on peroxidation (17). Tests were carried out in brown borosilicate
glass bottles, 500 ml total capacity, capped with teflon liners,
containing 300 ml of fuel per bottle. Duplicate samples of the four fuels
were prepared, with sulfur in the form of thiophenol weighed into one
sample of each fuel The first series of samples were prepared by adding
0.10% sulfur (weight/volume) from thiophenol, followed by sets with 0.05,
0.03 and 0.01% added sulfur concentrations. Stress tests were conductedI for five weeks for the samples containing 0.10 and 0.05% added sulfur.
The samples containing 0.03 and 0.01% added sulfur were stressed at 65°C
for eight weeks. Samples were analyzed weekly for peroxide concentration
by ASTM method D3703-85 from the control and test bottles for each fuel.
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A Mettler DL20 automatic titrator was employed for the 0.03 and 0.01%
added sulfur tests, eliminating the use of starch solution from the ASTM
method. Thiophenol concentrations were monitored weekly with a Tracor 565
gas chromatograph equipped with a sulfur specific 700A Hall electrolytic
conductivity detector. Samples were analysed in triplicate against an
external standard for thiophenol, which was also analysed in triplicate.

RESULTS AND DISCUSSION

An original added sulfur concentration of 0.10% sulfur
(weight/volume) from thiophenol was used. To examine the effect of added
sulfur concentration on peroxidation, a second test was run using 0.05%
added sulfur from thiophenol. Based on the results of the 0.05% added
sulfur test, additional series were run using 0.03 and 0.01% added sulfur
from thiophenoL The data for these tests are presented in Tables I, II,
III, and IV respectively.

For all of the sulfur concentration tests, the control samples, fuel
only, exhibited similar behavior. Differences in actual peroxide numbers
between tests can be attributed to slight temperature differences in the
ovens that were used, and to the fact that the fuel samples had been in
storage for varying times before these tests were started. It was
interesting that in the Jet A control samples peroxide formation occurred
in a cyclic pattern. This has been observed in other peroxidation studies
with Jet A. The two Jet A blending stocks formed peroxides at a greater
rate than the Shale JP-5 or the Jet A samples.

The most important aspect of all the tests was that the samples doped
with sulfur in the form of thiophenol did not undergo peroxidation as
rapidly as the fuel only samples. In fact, thiophenol addition eliminated
any ROOH present in starting samples of all four fuels in the 0.05% added
sulfur series, and after the first week in the Shale II and Hydrocracked
Jet A blending stock samples in the 0.10% test. In the samples doped with
0.10% sulfur, peroxide formation was not observed until the fourth week of
the stress test. When the concentration of added sulfur was reduced
(halved) peroxide formation began one week earlier in the three fuels
which did exhibit peroxidation, indicating a relationship between added
sulfur concentration and peroxide formation (or peroxide inhibition). None
of the doped samples of the Hydrofined Jet A blending stock showed
evidence of peroxide formation throughout the duration of the tests.

In the series doped with 0.03% added sulfur from thiophenol, peroxides
were eliminated after one week of 65 0 C stress in all of the samples
except for the Shale II JP-5, which contained a larger starting
concentration of peroxides that required two weeks to be reduced to zero
as measured by the ASTM method. The Jet A sample began to exhibit
peroxidation in the third week of the test, while the Shale II and
Hydrocracked Jet A blending stock samples did not show any trace of
peroxidation until the fourth week, before disappearing again to re-emerge
in the seventh week of the test. Even though peroxidation was not
observed until later in this test than in the 0.10 and 0.05% added sulfur
samples, the 0.03% added sulfur controlled peroxidation, most noticeablyI
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in the Hydrocracked and Hydrofined Jet A blending stock samples, which did
not exhibit any peroxidation during the test, in spite of the fact that
both of these samples perodized extensively when the thiophenol was
absent.

The samples doped with 0.01% added sulfur from thiophenol also
demonstrated the ability of added sulfur to control peroxidation. In the
Shale II and Hydrocracked Jet A blending stock samples, the starting
peroxide concentrations were gradually decreased to zero after three weeks
of stress. Peroxidation wasn't evident in the Shale II sample until the
sixth week of the test, but began again in the Hydrocracked Jet A blending
stock sample in the fifth week of stress. This can be explained by
comparing the relative peroxide levels present in the control samples,
0.991 meq active 0 /Kg fuel versus 29.200 meq active 0 2 /Kg fuel for
the Shale I and Hydrocracked blending stock samples, respectively. The
0.01% added sulfur was not enough to control the lazge amount of peroxide
formation after five weeks in the Hydrocracked Jet A blending stock
sample. The Jet A samples, both control and doped, exhibited interesting
cyclic behavior similar to that in the 0.03% added sultur stuy, wnile the
doped Hydrofined Jet A blending stock sample did not undergo peroxidation
during the test after the starting peroxide concentration was depleted.

The thiophenol concentrations in the doped samples decreased
throughout the tests as measured by the sulfur specific electrolytic
conductivity detector on the gas chromatograph. Tables V and VI contain
the data for the 0.10 and 0.05% sulfur from thiophenol doped samples,
respectively. Samples were analysed in triplicate and compared to an
external standard for thiophenol which was also analysed in triplicate.Um Average values are reported and were used for all calculations. It is
interesting to note that the sulfur concentrations decreased more rapidly
and to a greater extent in the doped Shale II, Jet A and Hydrocracked
blending stock samples, those fuels which did exhibit some peroxidation,
than in the Hydrofined blending stock sample which did not exhibit
peroxidation during the test. This was true for both concentrations of
added sulfur with the exception of the Hydrocracked sample waich depleted
slower in the 0.05% doped test. The presence of new peaks on the
chromatogram indicated the formation of new sulfur-containing compounds,
however concentrations were too low to permit identification. It should
be noted that in the 0.10% doped samples there were still measurable
sulfur concentrations for the duration of the stress test, but for the
0.05% doped samples, the added thiophenol disappeared much faster and was
completely depleted between the fourth and fifth weeks of the test for the
Shale II and Jet A samples. A direct comparison of the sulfur
concentration to peroxidation in the Shale samples can be seen in Fiqures
1 and 2 for the 0.10 and 0.05% doped samples, respectively. The place on
the graphs where the lines intersect indicates the approximate
concentration of added sulfur at which peroxidation is no longer
controlled. It should be noted that this concentration was approximately
0.4 mg of sulfur for the 0.10% doped sample and 0.2 mg sulfur for the
0.05% doped sample.

The results for the 0.03 and 0.01% added sulfur from thiophenol
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studies are reported in Tables VII and VIII, respectively. The doped
samples in these series exhibited behavior similar to the first two
tests. The sulfur concentrations in the two Hydrofined Jet A blending
stock samples did not decrease as rapidly or to the same extent as the
concentrations in the other fuels. The sulfur concentration in the 0.03%
sulfur doped Shale JP-5 sample was depleted by the eighth week of the test
while the concentration in the 0.01% doped sample was zero by the third
week of the test. In the Hydrocracked Jet A blending stock samples there
were low sulfur concentrations throughout the duration of the tests, with
the 0.01% doped sample dropping to zero by week five. The 0.03% doped Jet
A sample exhibited cyclic peroxide formation and a rapid decrease in
sulfur concentration, while the 0.01% doped sample showed an immediate
decrease in sulfur concentration during the first week of stress. Figures
3 and 4 provide a direct comparison of the sulfur concentration to the
peroxidation of the samples doped with 0.03 and 0.01% added sulfur.
According to this data, the concentration at which peroxidation was no
longer controlled was about 0.03 mg added sulfur for the 0.03% doped
sample. This concentration was reached at the end of six weeks of stress
and peroxidation began between the sixth and seventh week of the test. In
the sulfur concentration versus peroxidation graph for the shale sample
with 0.01% added sulfur, peroxide inhibition stops in the fifth week of
stress when the added thiophenol concentration was reduced to zero as
measured by the sulfur detector. The comparison of sulfur concentrationto peroxidation indicated that control or inhibition of peroxidation waslost at approximately 0.2 +/- 0.1 mg of added sulfur in all fuel samples.

CONCLUSIONS

The effect of adding sulfur in the form of an aromatic thiol,
thiophenol, was significant to peroxide formation. Thiophenol has been
found to act as an inhibitor or controller of peroxide formation in Jet A,
Shale-II derived JP-5, and petroluem derived Jet A blending stocks.
Hydrotreated jet fuels exhibited higher peroxide formation and
concentration than other fuels. Hydrotreatment reduces the sulfur content
of the fuel, which removes tho. .e naturally occurring sulfur compounds
which possibly act as inhibitors to peroxide formation. There appeared toI be a minimum concentration of sulfur as thiophenol above which peroxide
formation was inhibited. If this concentration was decreased or consumed,
peroxidation began.

I Since aromatic thiols are quite reactive in the presence of peroxides,
the thiophenol most likely undergoes oxidation by the peroxide species.
These reactions could be similar to other observed liquid phase oxidation
reactions that take place between thiophenol and t-butyl hydroperoxide.
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Table I

I JET FUEL PEROXIDATION AT 650 C WITH ADDED

THIOPHENOL 0.10% SULFUR DOPANT

h'MCIMC3D JET A HYOROFINED JET A

SHALE-Il JP-5 JET A BLENDING STOCK BLENDING STOCK

WEEK CONTROL DOPED CONTROL DOPED CONTROL DOPED CONTROL DOPED

0 0.25 0.25 0.00 0.00 0.16 0.16 0.00 0.00

1 0.24 0.00 0.19 0.00 0.57 0.00 0.18 0.00

2 0.31 0.00 0.44 0.00 1.16 0.00 0.49 0.00

3 0.37 0.00 0.19 0.00 1.73 0.00 1.10 0.00

4 0.51 1.29 0.40 0.51 5.38 0.26 4.08 0.00

5 0.48 0.97 0.26 0.40 8.47 0.25 10.82 0.00

1
1

*Table II

JET FUEL PEROXIDATION AT 650 C WITH ADDED

THIOPHENOL 0.05% SULFUR DOPANT

HYDAZP M JET A HYDROFINED JET A
SHALE-N JP-S JET A BLENDING STOCK BLENDING STOCK

WEEK CONTROL DOPED CONTROL DOPED CONTROL DOPED CONTROL DOPED

0 0.69 0.00 0.12 0.00 0.24 0.00 0.10 0.00

1 0.70 0.00 0.18 0.00 1.58 0.00 0.60 0.00

2 0.73 0.00 0.16 0.00 6.01 0.00 2.09 0.00

3 0.94 0.45 0.28 0.54 37.66 0.61 12.41 0.00

4 1.11 0.68 0.26 0.22 62.05 0.51 25.27 0.00

5 1.56 0.88 0.29 0.81 59.92 0.25 56.67 0.00
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Table III

JET FUEL PEROXIDATION AT 650 C WITH ADDED

THIOPHENOL 0.03% SULFUR DOPANT

HWDRCMKED JET A YDROFINED JET A
SHALE-A JP-5 JET A BLENDING STOCK BLENDING STOCK

WEEK CONTROL DOPED CONTROL DOPED CONTROL DOPED CONTROL DOPED3 0 0.60 0.60 0.01 0.01 0.27 0.27 0.06 0.06

1 0.62 0.14 0.04 0.00 0.96 0.00 0.32 0.00

2 0.72 0.00 0.05 0.00 1.88 0.00 0.78 0.00

3 0.84 0.00 0.00 3.98 4.20 0.00 2.46 0.00

1 4 0.90 0.01 0.09 0.01 10.04 0.01 5.89 0.00

5 0.93 0.00 0.05 0.50 22.43 0.00 13.26 0.00

6 0.99 0.00 0.00 0.70 49.03 0.00 28.54 0.00

7 1.14 0.03 0.13 1.38 77.88 0.62 60.62 0.00

8 1.29 0.15 0.07 0.88 97.40 0.36 77.44 0,00

I

n Table IV

JET FUEL PEROXIDATION AT 65 0 C WITH ADDED
THIOPHENOL 0.01% SULFUR DOPANT

HOAOCPACS JET A HYDRORNED JET A
SHALE-H1 JP-5 JET A BLENDING STOCK BLENDING STOCK

WEEK CONTROL DOPED CONTROL DOPED CONTROL DOPED CONTROL DOPED

0 0.51 0.51 0.00 0.00 0.25 0.25 0.06 0.06

1 0.60 0.20 0.10 1.04 1.02 0.73 0.50 0.00

2 0.67 0.17 0.13 0.72 2.37 0.11 1.32 0.00

3 0.81 0.00 0.20 0.89 4.66 0.00 3.63 0.00

4 0.85 0.00 0.17 0.55 13.22 0.00 13.79 0.00

5 0.99 0.00 021 0.59 29.20 0.22 29.10 0.00

6 1.08 0.23 0.17 0.42 55.33 0.14 48.57 0.00

f 7 1.12 0.33 0.19 0.72 89.57 0.19 78.27 0.00

8 1.51 0.46 0.24 0.65 131.13 0.28 124.98 0.00
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Table V

SULFUR CONCENTRATION vs. TIMEI 0.10% SULFUR DOPANT FROM THIOPHENOL

SHALE-f JP-5 JET A H-CRACO D JET A STOCK K-F*ND JEr A STOCK

WEEK mg. S/2mL WEEK mg. S/2mL WEEK rg. S/2mL WEEK ag. S2mL

0 2.20 0 2.06 0 2.12 0 2.10

1 1.16 1 0.98 1 0.92 1 1.78

2 0.51 2 0.81 2 0.74 2 1.47

3 0.43 3 0.63 3 0.67 3 1.58

4 0.26 4 0.47 4 0.48 4 1.43

5 024 5 0.41 5 0.47 5 1.38

!
I
I

Table VI

I SULFUR CONCENTRATION vs. TIME
0.05% SULFUR DOPANT FROM THIOPHENOL

SHALE-I JP-S JET A H-CRACKED JET A STOCK H-FINED JET A STOCK

WEEK mg. S/2mL WEEK mag. S2mL WEEK Pg. S/mL WEEK mg. S2mL

0 1.00 0 1.00 0 1.00 0 1.00

1 0.76 1 0.25 1 0.86 1 0.37

2 0.23 2 0.33 2 0.63 2 0.76

3 0.15 3 0.16 3 0.78 3 0.33

4 0.02 4 0.15 4 0.38 4 021

5 0.00 5 0.00 5 0.49 5 0.16
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Table VII

SULFUR CONCENTRATION vs. TIME
J.03% SULFUR DOPANT FROM THIOPHENOL

SHALE-R JP-5 JET A H-CRACKD JET A STOCK H-FNED JET A STOCK

WEEK mg. S WEEK mg. S WEEK mg. S WEEK mg. S

0 0.61 0 0.60 0 0.60 0 0.60

1 0.13 1 0.17 1 0.17 1 0.31

2 0.05 2 0.03 2 0.12 2 0.20

3 0.06 3 0.01 3 0.01 3 021

4 0.05 4 0.01 4 0.05 4 0.19

f 5 0.05 5 0.01 5 0.03 5 0.18

6 0.03 6 0.01 6 0.05 6 0.13

7 0.03 7 0.01 7 0.01 7 0.10

8 0.00 8 0.01 8 0.00 8 0.10

Table VIII

SULFUR CONCENTRATION vs. TIME
0.01% SULFUR DOPANT FROM THIOPHENOL

SHALE-H JP-S JET A H-CRACKED JET A STOCK H-FNED JET A STOCK

WEEK mg. S WEEK mg. S WEEK mg. S WEEK mg. S

0 021 0 0.20 0 021 0 0.20

1 0.03 1 0.00 1 0.01 1 0.09

2 0.02 2 0.00 2 0.00 2 0.12

3 0.00 3 0.00 3 0.01 3 0.05

4 0.00 4 0.00 4 0.00 4 0.07

5 0.00 5 0.00 5 0.00 5 0.06

6 0.00 6 0.00 6 0.00 6 0.04

7 0.00 7 0.0 7 0.00 7 0.03

8 0.00 8 0.00 8 0.00 8 0.05
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I Figure 1

SULFUR CONCENTRATION vs. PEROXIDATION
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Figure 3

SULFUR CONCENTRATION vs. PEP OXIDATION
0.7 SHALE n JP-5 WITH 0.031 THIOPHCNOL
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Hydroperoxides in jet fuels attack elastomers in aircraft fuel systems, resulting in leaks or inoperation
of fuel controls. Examination of fuels refined by different processes has indicated that significantly
higher peroxide concentrations exist in fuels which have been severely hydrotreated. It is believed
that hydogenation is responsible for removing natural inhibitors, including sulfur compounds, to
peroxide formation. To test this thesis, the relationship between arenethiols and peroxidation of
jet fuels was examined by using model dopant studies under 65 *C accelerated storage conditions.
Samples were analyzed on a weekly basis for peroxides and sulfur compound concentration. Thio-
phenol demonstrated effectiveness in reducing and/or controlling peroxide concentration for an
equivalent ambient storage time of approximately 2 years.

Introduction be limited by free-radical decomposition. Under these
Hydroperoxides in jet fuels attack elastomers in aircraft conditions, fuel degradation can be associated with both

fuel systems with consequert leaks or inoperation of fuel hydroperoxide formation and decomposition.
controls. Problems have been associated with Jet A, JP-4, Several solutions to the problem of fuel peroxidation

and JP-5 jet fuels. The first reported incidents occurred have been suggested. Antioxidants have been mandated

with Jet A in Japan in 1962 when fuel hoses of neoprene by some authorities, particularly for hydrotreated fuels.
or nitrile rubber cracked and leaked.1 In 1976 the U.S. Viton elastomers and other materials have been proposed
Navy experienced attack on neoprene fuel pump dia- as replacement materials, but their low-temperature

phragms on jets operating in the Phillipines. 2 More recent properties make them marginal for aircraft use. Clay

problems have been encountered in Thailand with JP-4 filtration has been suggested as a means for field removal
when Buna-N 0-rings cracked and leaks from fuel pumps of hydroperoxides but this treatment has been found to
occurred.3  All incidents involved fuels that had been be too expensive.2 Although hindered phenols have given

hydrotreated and had peroxide levels from 1 to 8 mequiv satisfactory peroxide control, those phenols that are per-
of active oxygen/kg of fuel (peroxide number or PN). mitted in the jet fuel specifications were developed for gum

Examination of fuels refined by different processes has control in gasoline. Their effectiveness for peroxide control
indicated that significantly higher peroxide concentrations was found to be marginal, depending on structure.' 2

develop in fuels that have been severely hydrotreated. The Rolls-Royce defined the peroxidation potential of a fuel
U.S. Navy has continuing concerns with this topic due to with an accelerated 100 *C test for 24 h.1 Investigations

increasing hydrogenation for jet fuel processing. In ad- into the relationship of temperature to peroxide concen-
dition, lower grade crudes and future shale-derived fuel tration in fuel, along with determining the relevance of he
production will involve more extensive and higher pressure 100 0 C test to ambient storage conditions, indicated ti it

hydrotreatment. It has been demonstrated that sulfur fuels containing antioxidants behaved differently at dit -
compounds in lubricating oils act as antioxidants by de- ferent temperatures, and in fuels without antioxidant ,

composing peroxides. 4 It is believed that hydrogenation peroxide levels were lower than expected at the lowe
is responsible for removing natural inhibitors, including temperatures.' 2 A comparison of peroxidation rates in twc
sulfur compounds, to peroxide formation. fuels, one with and one without antioxidant, showed that

Hydroperoxide concentration has been found to be a a fuel without antioxidant produced peroxides at a linear

factor in fuel instability. Fuel degradation is observed to rate while a fuel containing antioxidant produced peroxides
occur under long-term low-temperature storage conditions
(storage stability) as well as short-term high-temperature (1) Smith, M. In Aviation Fuels; G. T. Foulis & Co., Ltd.: Henley-
stress (thermal oxidative stability).' The latter situation on-Thames: England, Chapter 51, 1970;

(2) Shertzer, R. H. Aircraft Systems Fleet Support /Organic Peroxides
is found during flight conditions, where fuel serves as a in JP-5 Investigation; Final Report NAPC -LR-78-20; Naval Air Pro-
coolant on its path to the combustion chamber. Although pulsion Center: Trenton, NJ, 1978.
slight thermal degradation is found to occur in nonoxi- (3) Fettke, J. M. Organic Peroxide Growth in Hydro-treated Jet Fuel

and its Effect on Elastomers; GE TM83AEB1154, GE: Lynn, MA, 1983.
dizing atmospheres, the presence of oxygen or active (4) Dennison, G. H. Ind. Eng. Chem. 1944, 36, 477.

species such as hydroperoxides will greatly accelerate ox- (5) Hazlett, R. N. In Free Radical Reactions Related to Fuel Research

idative degradation as well as significantly lower the tern- in Frontiers of Free Radical Chemistry; Pry or, W., Ed.; Academic Press:
New York. 1980; p 195.

perature at which undesirable changes in fuel take place. (6) Scott, G. In Atmospheric Oxidation and Antioxidants; Elsevier:
The rates of reactions in autoxidation schemes are de- Amsterdam, 1965; Chapter 3.

pendent on hydrocarbon structure, heteroatom concen- (7) Taylor, W. F. Ind. Eng. Chem. Prod. Res. Dev. 1974. 13. 133.
tration, oxygen concentration, and temperature. -  If .(8) Taylor, W. F.; Wallace, T. J. Ind. Eng. Chem. Prod. Res. Dev. 1967,tratonoxyen oncetraion an temeraure9-l If 6, 258.

sufficient oxygen is present, the hydroperoxides will reach (9) Denisov, E. T. Liquid Phase Reaction Rate Constants; IFI/Ple-
a high level. If the available oxygen is low, but the tern- num: New York. 1974.
perature is raised, the hydroperoxide concentration will (10) Hiatt, R. R.; Irwin, K. C. J. Org. Chem. 1968, 33. 1436.

(11) Morse, B. K. J. Am. Chem. Soc. 1957, 87, 3375.

(12) Hazlett, R. N., 14all, J. M.; Nowack. C. J.; Craig, L Hydroperoxide
Formation in Jet Fuels. In Conference Proceedings, 1st Conference on

To whom correspondence should be addressed at the Naval Long Term Storage Stabilities of Liquid Fuels; Southwest Research
Research Laboratory. Institute: San Antonio, TX. 1983; Vol. 1. pp 132-148.
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Table I. Jet Fuel Peroxidation at 65 *C with Added Thiophenol 0.1001 Sulfur Dopant

Hvdrocracked ,Jet A Hydrofined ,Jet A
Shale-Il JP-5 Jet A blending stock blending stock

week control doped control doped control doped control doped

0 0.25 0.25 0.00 0.00 0.16 0.16 0.00 0.00
1 0.24 0.00 0.19 0.00 0.57 0.00 0.18 0.00
2 0.31 0.00 0.44 0.00 1.16 0.00 0.49 0.00
3 0.37 0.00 0.19 0.00 1.73 0.00 1.10 0.00
4 0.51 1.29 0.40 0.51 5.38 0.26 4.08 0.00
5 0.48 0.97 0.26 0.40 8.47 0.25 10.82 0.00

Table II. Jet Fuel Peroxidation at 65 'C with Added Thiophenol 0.05% Sulfur Dopant
Hydrocracked Jet A Hydrofined Jet A

Shale-Il JP-5 Jet A blending stock blending stock

week control doped control doped control doped control doped
0 0.69 0.00 0.12 0.00 0.24 0.00 0.10 0.00
1 0.70 0.00 0.18 0.00 1.58 0.00 0.60 0.00
2 0.73 0.00 0.16 0.00 6.01 0.00 2.09 0.00
3 0.94 0.45 0.28 0.54 37.66 0.61 12.41 0.00
4 1.11 0.68 0.26 0.22 62.05 0.51 25,27 0.00
5 1.56 0.88 0.29 0.81 59.92 0.25 56.6- 0.00

Table III. Jet Fuel Peroxidation at 65 OC with Added Thiophenol 0.03% Sulfur Dopant
Hydrocracked Jet A Hydrofined Jet A

Shale-lI JP-5 Jet A blending stock blending stock

week control doped control doped control doped control doped

0 0.60 0.60 0.01 0.01 0.27 0.27 0.06 0.06
1 0.62 0.14 0.04 0.00 0.96 0.00 0.32 0.00
2 0.72 0.00 0.05 0.00 1.88 0.00 0,78 0.00
3 0.84 0.00 0.00 3.98 4.20 0.00 2.46 0.00
4 0.90 0.01 0.09 0.01 10.04 0.01 5.89 0.00
5 0.93 0.00 0.05 0.50 22.43 0.00 13.26 0.00

6 0.99 0.00 0.00 0.70 49.03 0.00 28.54 0.00
7 1.14 0.03 0.13 1.38 77.88 0.62 60.62 0.00
8 1.29 0.15 0.07 0.88 97.40 0.36 77.44 0.00

in an exponential fashion, indicating a depletion with time 0 C stress test was chosen for the sulfur compound study
of the antioxidant and its ability to control peroxidation.12  based on previous time-temperature peroxidation studies

Sulfur is the most abundant heteroatom present in jet completed at NRL.12 The effect on peroxide formation
fuels (up to 0.4% allowed by specifications). Deposits versus added sulfur concentrations is also reported.
formed in jet fuel in the presence of oxygen contain a
higher percentage of sulfur than that present in the fuel Experimental Section
itself. 3  The formation of these deposits has been at- Fuels and Reagents. The four fuels used in the investigationI tributed to the participation of sulfides, disulfides, and were Shale-I JP-5, Jet-A. a Hydrocracked Jet A blending stock,
thiols (mercaptans)." In jet fuels that have been deox- and a Hydrofined Jet A blending stock. Thiophenol was obtained
ygenated, sulfides and disulfides have been found to lead from Aldrich Chemical Co. and was distilled in vacuo to 99.9%1
to increased solid formation.'s Examination of the reac- purity.
tions between both alkyl and aromatic thiols with tert- Method. The stress test was patterned after that used by the
butyl hydroperoxide (tBHP) have indicated that aromatic laboratories which participated in the recent Coordinating Re-
thiols are more reactive than other classes of sulfur com- search Council cooperative studies on peroxidation. 7 Tests were
pounds with hydroperoxides. The reaction of thiophenol carried out in brown borosilicate glass bottles, 500-mL total ca-

pacity, capped with Teflon liners, containing 300 mL of fuel per
with tBHP was found to produce trace amounts of sulfonic bottle. Duplicate samples of the four fuels were prepared, with
acid while depleting the amount of both reactants in go- sulfur in the form of thiophenol weighed into one sample of each
lution.16  It was thus desirable to test the relationship fuel. The first series of samples were prepared by adding 0.10%
between sulfur compound reactivity and peroxide forma- sulfur (weight/volume) from thiophenol, followed by sets with
tion by using an arenethiol as a model dopant under ac- 0.05, 0.03, and 0.01% added sulfur concentrations. Stress tests
celerated storage conditions. were conducted for 5 weeks for the samples containing 0.10 and

This paper discusses the effect on hydroperoxide for- 0.05% added sulfur. The samples containing 0.03 and 0.01%

mation of using n arenethiol, thiophenol, as a dopant in added sulfur were stressed at 65 *C for 8 weeks. Samples were

a Jet A, a shale-derived jet fuel, and two jet fuel blending analyzed weekly for peroxide concentration by ASTM Method
D3703-85 from the control and test bottles for each fuel. A Mettler

stocks under 65 OC accelerated storage conditions. A 65 DL20 automatic titrator was employed for the 0.03 and 0.01%
added sulfur tests, eliminating the use of starch solution from

(13) Wallace, T. J. In Advances in Petroleum Chemstry and Refining; the ASTM method. Thiophenol concentrations were monitored
Wiley-Interscience: New York, 1964; pp 353-407. weekly with a Tracor 565 gas chromatograph equipped with a

(14) Taylor, W. F.; Wallace, T. J. Ind. Eng. Chem. Prod. Res. Dev. sulfur-specific 700A Hall electrolytic conductivity detector. The
198, 7, 198. chromatography program used started at 60 C for 8 min. with

(15) Taylor. W. F. Ind. Eng. Chem. Prod. Res. Dev. 1976, 15. 64. chratog raph poa artedeat 60 C Smpwt
(16) Mushrush. G. W.; Hazlett, R. N.; Hardy. D. R. Watkins. J. M a ramp of 10 *C/min to a final temperature of 260 OC. Samples

Liquid Phase Oxidation of Sulfur Compounds. In Conference Proceed-
ings, 2nd International Conference on Long Term Storage Stabilities
of Liquid Fuels; Southwest Research Institute: San Antonio, TX, 1986; (17) Determination of the Hydroperoxide Potential of Jet Fuels.
Vol. 2, pp 512-525. Report No. 559; Coordinating Research Council: Atlanta. GA. Apr 1988
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Table IV. Jet Fuel Peroxidation at 65 *C with Added Thiophenol 0.01% Sulfur Dopant
Hydrocracked Jet A Hydrofined Jet A

Shale-Il JP-5 Jet A blending stock blending stock

week control doped control doped control doped control doped

0 0.51 0.51 0.00 0.00 0.25 0.25 0.06 0.06
1 0.60 0.20 0.10 1.04 1.02 0.73 0.50 0.00
2 0.67 0.17 0.13 0.72 2.37 0.11 1.32 0.00
3 0.81 0.00 0.20 0.89 4.66 0.00 3.63 0.00
4 0.85 0.00 0.17 0.55 13.22 0.00 13.79 0.00
5 0.99 0.00 0.21 0.59 29.20 0.22 29.10 0.00
6 1.08 0.23 0.17 0.42 55.33 0.14 48.57 0.00
7 1.12 0.33 0.19 0.72 89.57 0.19 78.27 0.00
8 1.51 0.46 0.24 0.65 131.13 0.28 124.98 0.00

were analyzed in triplicate against an external standard for Table V. Sulfur Concentration vs Time for 0.10% Sulfur
thiophenol, which was also analyzed in triplicate. Dopant from Thiophenol

Results and Discussion Hydrocracked Hydrofined jet
Shale-Il JP-5 Jet A Jet A stock A stock

Thiophenol was the sulfur compound used as a dopant
in this study. The first reaction series in this study em- week of Mg of weg of Mg of

ployed 0.01% total sulfur (weight/volume) weighed out _ _ _ _ _ _ _ _ _ _

as thiophenol. To examine the effect of added sulfur 0 2.20 0 2.08 0 2.12 0 2.10
1 1.16 1 0.98 1 0.92 1 1.78

concentration on peroxidation, a second test was run by 2 0.51 2 0.81 2 0.74 2 1.47
using 0.05% added sulfur from thiophenol. On the basis 3 0.43 3 0.63 3 0.67 3 1.58
of the results of the 0.05% added sulfur test, additional 4 0.26 4 0.47 4 0.48 4 1.43
series were run by using 0.03 and 0.01% added sulfur from 5 0.24 5 0.41 5 0.47 5 1.38
thiophenol. The data for these tests are presented in

Tables I-IV, respectively. Table V1. Sulfur Concentration vs Time for 0.05% Sulfur
For all of the sulfur concentration tests, the control Dopant from Thiophenol

samples, fuel only, exhibited similar behavior. Differences Hydrocracked Hydrofined
in actual peroxide numbers between tests can be attributed Shale-Il JP-5 Jet A Jet A stock Jet A stock

to slight temperature differences in the ovens that were mg of mg of mg of Mg of
used and to the fact that the fuel samples had been in week S/2 mL week S/2 mL week S/2 mL week S/2 mL
storage for varying times before these tests were started. 0 1.00 0 1.00 0 1.00 0 1.00
It was interesting that in the Jet A control samples per- 1 0.76 1 0.25 1 0.86 1 0.37
oxide formation occurred in a cyclic pattern. This has been 2 0.23 2 0.33 2 0.63 2 0.76

observed in other peroxidation studies with Jet A. The 3 0.15 3 0.16 3 0.78 3 0.33
4 0.02 4 0.15 4 0.38 4 0.21

two Jet A blending stocks formed peroxides at a greater 5 0.00 5 0.00 5 0.49 5 0.16
rate than the Shale JP-5 or the Jet A samples.

The most important aspect of all the tests was that the Hydrofined Jet A blending stock samples, which did not
samples doped with sulfur in the form of thiophenol did exhibit any peroxidation during the test, in spite of the
not undergo peroxidation as rapidly as the fuel only sam- fact that both of these samples peroxidized extensively
ples. In fact, thiophenol addition eliminated any ROOH when the thiophenol was absent.I present in starting samples of all four fuels in the 0.05% The samples doped with 0.01% added sulfur from
added sulfur series, and after the first week in the Shale thiophenol also demonstrated the ability of added sulfur
II and Hydrocracked Jet A blending stock samples in the to control peroxidation. In the Shale-Il and Hydrocracked
0.10% test. In the samples doped with 0.10% sulfur, Jet A blending stock samples, the starting peroxide con-
peroxide formation was not observed until the fourth week centrations were gradually decreased to zero after 3 weeks
of the stress test. When the concentration of added sulfur of stress. Peroxidation was not evident in the Shale-If
was reduced (halved) peroxide formation began 1 week sample until the sixth week of the test, but began again
earlier in the three fuels that did exhibit peroxidation, in the Hydrocracked Jet A blending stock sample in the
indicating a relationship between added sulfur concen- fifth week of stress. This can be explained by comparing
tration and peroxide formation (or peroxide inhibition), the relative peroxide levels present in the control samples,
None of the doped samples of the Hydrofined Jet A 0.991 mequiv of active 0 2/kg of fuel versus 29.200 mequiv
blending stock showed evidence of peroxide formation of active 0 2/kg of fuel for the Shale-Il and Hydrocracked
throughout the duration of the tests. blending stock samples, respectively. The 0.01% added

In the series doped with 0.03% added sulfur from sulfur was not enough to control the large amount of
thiophenol, peroxides were eliminated after 1 week of 65 peroxide formation after 5 weeks in the Hydrocracked Jet
*C stress in all of the samples except for the Shale-II JP-5, A blending stock sample. The Jet A samples, both control
which contained a larger starting concentration of per- and doped, exhibited interesting cyclic behavior similar
oxides that required 2 weeks to be reduced to zero as to that in the 0.03% added sulfur study, while the doped
measured by the ASTM method. The Jet A samples began Hydrofined Jet A blending stock sample did not undergo
to exhibit peroxidation in the third week of the test, while peroxidation during the test after the starting peroxide
the Shale-Il and Hydrocracked Jet A blending stock sam- concentration was depleted.
plea did not show any trace of peroxidation until the fourth The thiophenol concentrations in the doped samples
week, before disappearing again to reemerge in the seventh decreased throughout the tests as measured by the sul-
week of the test. Even though peroxidation was not ob- fur-specific electrolytic conductivity detector on the gas
served until later in this test than in the 0.10 and 0.05% chromatograph. Tables V and VI contain the data for the
added sulfur samples, the 0.03% added sulfur controlled 0.10 and 0.05% sulfur from thiophenol-doped samples.
peroxidation, most noticeably in the Hydrocracked and respectively. Samples were analyzed in triplicate and
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Figure 1. Sulfur concentration versus peroxidation for Shale-Il JP-5 with 0.10% thiophenol.
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]Figure 2. Sulfur concentration versus peroxidation for Shale-II JP-5 with 0.05%/ thiophenol.

compared to an external standard for thiophenol, which added thiophenol disappeared much faster and was corn-
was also analyzed in triplicate. Average values are reported pletely depleted between the fourth and fifth weeks of the
and were used for all calculations. It is interesting to note test for the Shale-II and Jet A samples. A direct corn-
that the sulfur concentrations decreased more rapidly and parison of the sulfur concentration to peroxidation in the
to a greater extent in the doped Shale-Il, Jet A, and Hy- Shale-II samples can be seen in Figures I and 2 for the 0.10
drocracked blending stock samples, those fuels that did and 0.05% doped samples, respectively. The place on the
exhibit some peroxidation, than in the Hydrofined graphs where the lines intersect indicates the approximate
blending stock sample, which did not exhibit peroxidation concentration of added sulfur at which peroxidation is no
during the test. This was true for both concentrations of longer controlled. It should be noted that this concen-
added sulfur with the exception of the Hydrocracked tration was approximately 0.4 mg of sulfur for the 0.10%
sample, which depleted slower in the 0.05% doped test. doped sample and 0.2 mg of sulfur for the 0.05% doped
The presence of new peaks on the chromatogram indicated sample.
the formation of new sulfur-containing compounds; how- The results for the 0.03 and 0.01% added sulfur from
ever, concentrations were too low to permit identification. thiophenol studies are reported in Tables VII and VIII.
It should be noted that in the 0.10% doped samples there respectively. The doped samples in these series exhibited
were still measurable sulfur concentrations for the duration behavior similar to the first two tests. The sulfu. con-
of the stress test, but for the 0.05% doped samples, the centrations in the two Hydrofined Jet A blending stock
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Figure 3. Sulfur concentration versus peroxidation for Shale-Il JP-5 with 0.03% thiophenol.
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Figure 4. Sulfur concentration versus peroxidation for Shale-IH JP-5 with 0.01% thiophenol.

samples did not decrease as rapidly or to the same extent Table VI. Sulfur Concentration vs Time for 0.03% Sulfur
as the concentrations in the other fuels. The sulfur con- Dopant from Thiophenol
centration in the 0.03% sulfur-doped Shale JP-5 sample Hydrocracked Hydrofined
was depleted by the eighth week of the test while the Shale-II JP-5 Jet A Jet A stock Jet A stock
concentration in the 0.01% doped sample was zero by the week mg of S week mg of S week mg of S week mg of S
third week of the test. In the Hydrocracked Jet A blending 0 0.61 0 0.60 0 0.60 0 0.60
stock samples there were low sulfur concentrations 1 0.13 1 0.17 1 0.17 1 0.31
throughout the duration of the tests, with the 0.01% doped 2 0.05 2 0.03 2 0.12 2 0.20
sample dropping to zero by week five. The 0.03% doped 3 0.06 3 0.01 3 0.01 3 0.21
Jet A sample exhibited cyclic peroxide formation and a 4 0.05 4 0.01 4 0.05 4 0.19
rapid decrease in sulfur concentration, while the 0.01% 5 0.05 5 0.01 5 0.03 5 0.18

doped sample showed an immediate decrease in sulfur 6 0.03 6 0.01 6 0.05 6 0.13
7 0.03 7 0.01 7 0.01 7 0.10

concentretion during the first week of stress. Figures 3 8 0.00 8 0.01 8 0.00 8 0.10
and 4 provide a direct comparison of the sulfur concen-
tration to the peroxidation of the samples doped with 0.03 doped sample. This concentration was reached at the end
and 0.01 % added sulfur. According to this data, the of 6 weeks of stress, and peroxidation began between the

concentration at which peroxidation was no longer con- sixth and seventh week of the test. In the sulfur concen-
trolled was about 0.03 mg of added sulfur for the 0.03% tration versus peroxidation graph for the shale sample with
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Table VIII. Sulfur Concentration vs Time for 0.01% Thiophenol has been found to act as an inhibitor or con-
Sulfur Dopant from Thiophenol troller of peroxide formation in Jet A, Shale-Il-derived

Hydrocracked Hydrofined JP-5, and petroleum-derived Jet A blending stocks. Hy-
Shale-II JP-5 Jet A Jet A stock Jet A stock drotreated jet fuels exhibited higher peroxide formation

week mg of S week mg of S week mg of S and concentration than other fuels. Hydrotreatment re-

0 0.21 0 0.20 0 0.21 0 0.20 duces the sulfur content of the fuel, which removes those

1 0.03 1 0.00 1 0.01 1 0.09 naturally occurring sulfur compounds that possibly act as
2 0.02 2 0.00 2 0.00 2 0.12 inhibitors to peroxide formation. There appeared to be
3 0.00 3 0.00 3 0.01 3 0.05 a minimum concentration of sulfur as thiophenol above
4 0.00 4 0.00 4 0.00 4 0.07 which peroxide formation was inhibited. If this concen-
5 0.00 5 0.00 5 0.00 5 0.06 tration was decreased or consumed, peroxidation began.
6 0.00 6 0.00 6 0.00 6 0.04 In a mixture as complex as a fuel, when a sulfur dopant

7 0.00 7 0.00 7 0.00 7 0.03
8 0.00 8 0.00 8 0.00 8 0.05 is present at a concentration of 0.10% or less, the sulfurcompound reaction products are not possible to detect.

0.01% added sulfur, peroxide inhibition stops in the fifth Sulfur compound MS and hydrocarbon MS are quite
week of stress when the added thiophenol concentration similar, and the sulfur compounds are buried in the GC
was reduced to zero as measured by the sulfur detector, of the fuel. We suggest that since aromatic thiols are quite
The comparison of sulfur concentration to peroxidation reactive in the presence of peroxide species, the thiophenol
indicated that control or inhibition of peroxidation was lost most likely undergoes oxidation by the peroxide.16 In
at approximately 0.2 ± 0.1 mg of added sulfur in all fuel model systems, in dodecane solvent, we found in our
samples. preliminary studies with hydroperoxides and sulfur model

compounds that both aryl disulfides and oxidized sulfur
Conclusions species such as sulfoxides and sulfones were formed from

The effect of adding sulfur in the form of an aromatic thiophenol.
thiol, thiophenol, was significant to peroxide formation. Registry No. Thiophenol, 108-98-5.
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Petroleumn fuels of mrginal stability have been used as
a source of nitrogen-rich polar extracts. Polar coupoinds were
isolated by mild acid extractici followed by silica gel

cobiedcapillary clm GCAES. Both feswere studied b
two ethos uder acelerated storage codition~s, bottle tests

and oxygen overpressure. Bottle tests were coducted at
800C for 14 days and the oxygen O-xl = at both 65 and
43%C for 6 days and 4 weeks re -etively. Filterable
insolubles, and adherent gu were measured for both methods.

stressed and original fuel sanples.

H As domestic and imported petroleumn stocks decrease and

petroleum again inreases in cost, it is iqperative to

conider liquid fuel options. Several options can be explored:

I 931
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(a) the relaxation of fuel specifications, (b) alternate

sources of fuels, and (c) the use of loer quality or blended

stocks. This paper deals with the study of two fuel blends

that could be utilized as middle distillate fuels.

The bulk of the Navy's vehicles use middle distillate

fuels; a kerosene type aircraft jet fuel, JP-5, for aircraft

and Naval Distillate Fel, NDF, for ships and boats.

Charqes in fuel properties with tim have been a

ca iiuing problem in the utilization of middle distillate

fuels. Problems associated with the storage instability

include: the formation of filterable sediments (PS) and gums

as well as the production of peroxddes and color bodies. The

current trends toward lower grade petroleto crudes has created

a pressl ng need for investigation into the fundntal nature

Of liquid fuel Stability (GoetZirqer at al., 1983; frankn--

feld et al., 1982; OCouy at al., 1984; Beal et al., 1987).

Nitrogen omtainiq armtis have lo been associated

with storage instability (Goetzinger et al., 1983; ftmshush

at. al., 1986; Beal at al., 1987), yet present )koledge is

limitad regarding the ctwdistry of their autcxidation in the

cmlex fuel meia. There are mary approaches to the study of

this prablm. One approac involves the examination of model

n o a a-wr dise stable base fuels.

Although the results of fuel dopant studies are useful in

screening nitrogen cmpmnrid clase for potential activity,

I

I
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the results mist be interpreted with caution. For example, the

particular stress test employed may have a great effect upon

the results cbtaine. In addition, the question of interactive

effects betwee species in fuels needs to be examined in

greater detail, since it is likely that they may actually

define the storag stability behavior of many fuels.

In this paper, two marginally stable low niltgen

petroleum jet fuels were examudx. Polar extract cqxzwft

were isolated and and the fuels studied by

acc lerated storage stability tests.

i~tm s eat Tebn iaue

Theacceerated stor stability method used has

t bad in detail (Hazlett et al., 1983; ooney et al.,

1984). In sunmy, 300.1 samples of filtered fuel were

stressed in the dark in 500. scr-cap borosilicate brmn

bottles (teflct-lined caps). All sailes were nm in replicate

and apropriate blank flask/filter holder crrectios were

applied. Both filterable seiiment and aderent insolubles

values wr determined after stress. In genral, fuel

stability was defined by the amount of total insoluble

material fo d after stress. This quantity was equal to the

tm= of filtcrable insolubles and adherent insolubles. The

IE
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data presented in the Tables are in units of mg of insolubles

per 10ml of fuel.

For tests using the oxygen overpres the tbod, 100,al I
aliquots of filtered fuel were placed in borosilicate glass

bottles in a closed steel reactor and the reactor pressurizedI

to 100 psia with 99.5% oxygen (Hardy, et al., 1987). In

sparate experints, the reactors were pla in the -

statted oven at tet erabres of 650c or 43%c for ties of

6 days and 4 weeks -re-tively. After aging and coolir, the I
amount of filterable insolubles and adherent g . ws

determned gravimetrically.

Peradde ramers were determined in duplicate for

samples of filtered fuel before and after stress by iodcitic

titration (ASIM M3703-85). Titratiors we carried cut using a

Mettler M20 act Titrator ataintic titration system. hi I
mthd rwed the need to un starch indicator as described

in A M M3703-85. l
~I

The polar nitrogen cownd extracts were exmined by

cuined GC/MS (El mo~de.) Theu GC/ME unit consisted of aI

Hmlett-Packard Model 5710 GC, an H-P Model 5982 mss

OF ,eIt-0 t1,r and a Ribereg SAMR GC/MS data system. AnI

all-glass GC inlet system was used in conjucticn with a 0.31

x: 50 m SP2100 (similar to OV-10l) fused silica capillaryI

I
I
i
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clumn (Hardy et al., 1985.) Operational parameters

included: sample size - 2 to 3 microliters split at 60:1,3column flow - 1.1 to 1.2 ml/min at a head pressure of 10.5

PSI, detector gain - 9 x Low, injection port - 2500C,

temperature proram - 700 C (2 min hold,) 40 C/min

progranii teqperature ramp to 2200C (16 min final hold.)

Nitre cncentratin levels in the fuel samples ware

determine with an Antek Model 720 nitrogen analyzer using a

Drmai Mdel S-300 ccbstin furnace operating at 10000C.

rMee-microliter samples were analyzed in quadruplicate (at

the minimum) with the actual nitrogen concentration calculated

by Carison with nitrogen calibratio standards.

i 27 sulfur cotent of the samtples was examined using a

Trar Model 565 gas dirmatra* equipped with a sulfur

specific Hall electolytic o=zduivity detector (B). An

all-glass GC inlet SystM 1ms laed in conjunction with a 50m x

0.2 i.d. wall-coated opceniububi (OV-101) fused silica

capillary Clumn which was perated at a teiperture program of

609C for 8 rain., and a ramp of 50/mrin to a final

teeperature of 2600 C. Air was replace with oxygen as the

reaction gas in the BM for improved resolution and baseline.

Nitr m Oumzund bMRM FU1

Th 1C1-nirtz9W petroleam fuels Sun A (233ptm N) and

Sun B (82pipm N) ware refined and blerded fromi both cracked and

distillate stocks at the Sun Refinery in Marcus Hook, PA.
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Extra-cion U

As shown in Figure 1, the fuels were initially subjected

to extraction with a 25% molar excess of 1.0 N HCl. The

I

1.0 N HC
Separate Layers -- Neutralize -0 BNC extract

Toluene Wash

Water Wash - o Discard I
Active Si0 2 I

Filter Fita. 1550mi SiO2 - extracted fuel

Pentane Wash w Pentane and excess fuel

Toluene Filtrate I

Methylene p N extract
Chloride Wash Filtrate (in %'21 1

Methanol Wash w M3 extractFiltrate (in CH3tH)

Extracted
Silica Gel

i:ur"1
Nitro C zxI Extractio Schi I

I
I
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quantity of acid used was calculated by assuming that all of

the nitrogen present in the fuels was basic or extractable.

The single acid extraction was acx lished with 2 liters of

fuel in a 4 liter separatory tunnel. A portion of the fael to

be extracted was placed in the funnel with the appropriate

quantity of 1.0 N HCl and shaken vigorously. The contents were

then vigorously swirled for 5 min, allowed to stand 5 min,

gently swirled for 5 min (to reduce the number of emulsion

particles) and allowed to stand for 10 min. After careful

separation of the layers, traces of acid were rexved from the

fuel sample by washing with water. The "basic" nitrogen

compunuds (BNC extracts) were isolated by neutralizing the

combined aqueous acid extracts to pH 8-9 (NaHCO3 ),

extracting the mixture twice with toluene, drying the c, ined

organic layer (anh. MgSO4 ) and removing the solvent gently

by rotary evaporation (verified by GC.)

The residual polar material (including non-basic

nitrogen compouds, the "MECI extracts) was remved from the

acid-extracted fuel by batch silica gel adsorption. Again, it

was decided to employ a relatively mild separation technique

to avoid extensive chemical alteration of the polar species

present. Itu=, 2 liters of fuel were treated once with 400g of

fully activated Grade 923 silica gel (100-200 mesh, W. R.

Grace) with stirring for a 3 honr period. Gravity filtration

afforded ca. 1550 ml of silica extracted fuel (filtrate) and a
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quantity of mist silica. ss fuel was desorbed from the

mist silica by several washings with pentane (ca. 2.5 L).

The silica was next equilibrated several ties with methylene

chloride (8 x 500 ml.) The methylene chloride NBC extracts

ware combined and retained. Following this treatment, the

silica gel was treated with methanol (1 x 1 L). The methanol

extract after separation was retained for further study and

analysis (methanolic MIC extract). I
RESULTS AND DION I

The Naval Research Laboratory, as part of an effort to

relate fuel composition to stability, has reported on the

polar cqowts and stability of high nitrogen fuels

ftshrush et. al., 1986; Coon et. al. 1984, 1983, 1982;

Hazlett et. al. 1983.) It was cnsequently of interest to

exmdue the polar cmnts and instability of 1w nitrogen

cotaining fuels. Both fuels we subjected to simulated

distillatin analysis, ASTh D2887. Both Sun A and B fuels were

found to be broad cut fractions. For Sun A, the IEP was

1480C, at 1% distilled 1530C, at 5% off 1710C, at 50%

off 2530C, at 95% off 3510 C, at 99% off 3910C and a MW

of 415°C. For Sun B, the IEP was 1390 C, at 1% off 1490 C,

at 5% off 176°C, at 50% off 2490C, at 95% off 3220C, at

99% off 366o and a FBP of 3850C.

I
I
I
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Table I

N R ANALE FR ACT NI
IN SUN A AND B FUELS

N CONCE1fWICK

SAMPLE SUNA SUNB

ORIGINAL FUEL 233 83

IN ACID EXnRAb= 132 57

ISOLATED IN CR2C12 WASH OF SILIC 27 19

ISOIATED IN CI30H WH OF SILXIh 53 a

TOM N a IN FRACTIONS 212 (91%) 84 (101%)

Both fuels proved to be low in total organo-sulfur

content. Sun A was fud to have 0.09% and Sun B to contain

0.06% total orvano-sulfur.

The separation scheme which was eimployed for the rmmval

of polar, nitrogen-rich extract from the fuels studied is

mmrized in Figure 1. A single mild acid extraction was

selected (3.7 equiv. of 1.0 N HCl) so that the opportunity for

cical danes in the fuel would be minimized. Many nitrogen

heterocyclic conpounds are kmown to be acid sensitive (Jones

and Bean, 1977).

The BNC extract was obtained in toluene solution

following reutralization of the acid wash. Subsequent treat-

, of the acid extracted fuel with activated silica gel

afforded separate NBNC extracts in methylene chloride and
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methyl alohol. The fuels and the three extracts for each were

analyzed for soluble nitrogen content in order to assess a

nitrogen balance. Th nitrogen balan data, which appear in

Table I, indicated that 91% of the nitrogen originally present

in Sun A and 100% of the nitrogen present in Sun B was

accounted for. With Sun A, several trial extractions (on a

10ml scale) were able to reme all of the nitrogen present.

Howver, the actual batd extraction process was found to be

far less efficient.

Examination of Nitromm C oud Extrats

Cpnds present in the BNC, NBW (C lC2 ), and

NDc (CH3oI extracts were examined by GC/AS. The oitiors

used permitted e ellent separation of the conpouxds present 1
in both fuels. Both total ion and selected ion countirq

tedmicnqs we enplyed, with peaks identified on the basis

of --aetation pattern and z-series (Hardy et. al., 1982;

Burdiill at. al., 1983.) Freqntly, tw or nore camqunds i

would be present in a peak so that the relative amount of each

wms any-xImted by the magnitude of the total ion comt for a

given Fag ntation pattern. Peak areas were determined by

integration of the total ion count over the entire peak. It is

important to note that the percntages given in Tables II-V

are not to be contrued as "absolute" for the fuel extracts,

since not every peak in the GC/MS spectrum could be identified

and ionization efficiencies are not defined for 1i

I
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Table II

ExINATIo OF HNC EXIRAC FROM
SUN A AND B FULS

I¢ EXTRACIS

CI~. ASS SUN A AFEM SUN B AREM

i. s.7 4.2
A. A 1.0 0.7

B. BENZE 2.1 0.9
C. TBERALIN 1.4 1.3
D. I 1.2 -
E. NAH3EE 1.3 -

3:1. c 93.6 92.2
A. PYRIINS 64.3 66.9

B. PFIMKS 4.4 4.0
C. INDOLES 9.1 5.1

D. QIrD=LES 10.4 13.1
E. q OLNS3.2 3.1

F. ACIDfl 1.7 -U G. mrmzams 0.5 -

U upounds. Th peaks whc wre examined in all GC/NE spectra

of the extracts reprsented at least 95% of the total ion

mt an were thus resentative of the total extracts. The

results for the acid extractable material ENC for both Sum A

and Sun B is given in Table II.

The y carb concentration for A shoed 5.7% arn

4.2% for B, while the heteroatomic compounds showed 93.6% for

Sui A and 92.2% for Stm B. Sun A has aproximately three tie

the nitrogen content of B, 233 vs 82 ppm. For the BNC extract

Sfrc Sum A, one hzunred and seventy-thre well resolved major

U
I
I
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peaks were analyzed and over 250 different distinct nitrogen

caqxxvxs were identified. Substituted pyridines; and anil'u

acommted for 64.3% of the ccpuzs identified. Also present

Ware aSibtituted guinolines (10.4%), pyrroles, (4.4t), indo1es

(9.1%), acridines (1.7%), and cabazoles (0.5%). Other

heteoatm c czxozds present include: terahydroquinolines,
benzocinnolines, and ditonzothiciphenes. For the Smz B f'ul BNC

extract, nitrogen heterocycles includled pyrdinera/anilines

(92.2%), quinolines (13.1%), idoles, (5.1%), pyrroles; (4.0%),

tetahyroq~inlixes(3.1t), and minor amts of acridies,

and carbazoles.

Theu pyrdinres/anilfies which were in both the A and B
BNC extracts were diaracer1e principally by mvstituzted

long alkyl dains. For Sun B hcvwser, the pyridines aperto

be mce highly brar&Ad. The presenc of stgurtantial ammts

of quinolines and the uiinl quantity of tetrahydrou~rmolires

is a reflecion of the lack of hIdItreamft lsed during,

The ujor similarity between the two fW frmctions,

other than the pyridine r,--n tratiti was the presnc of

both indo1es aid pyrroles in this extract.

Thew NBN (CH3CH solubles Prz the silica gelI

treatment) extact for both S~m A aid B is depicted in Table

fIM The* hydIoCAarbI - fraction was 31.6% for Sun A aid 28.1%

for &m B. Tfuheteoti fraction was 70. 1% for S~m A aid



PETROLEUM-DERIVED FUELS 943

Table III

EOMMMICU OF NflNC (Oa3iI) EXTRACT
FRM SN A AND B FUELS

CaVOJND CLASS SUN A AREA% SUN B AREA%

I. HMmCCARBNS 31.6 2.
A. ALKUW 5.0 3.2
C. FUMMD 5.5 6.1
E. PHmE MMMTNTHS/ CENES 6.5 17.1

D. NAHHAEE 14.6 1.7

II. H2EROATCI 70.1 70.9
A. PYRIDINES 49.2 56.1
B. ACRIDINES 7.8 5.1
C. CARBAZOLE 6.7 7.2
D. QIUNMLMES 4.1 2.0
E. M 1.2 -
F. INDOLES 1.2 0.5

70.9% for Sm B. The mjor ccmponnts of both Sun A and B were

substituted pyridines; 49.2% for Sun A and 56.1% for Sun B.

Other cumpounds noted in Sun A were acridines (7.8%),

arbazoles (6.7%), quinolines (4.1%), tetrahydroquinolines

(1.2%), and irdoles (1.2%). For Sun B other heteroatnic

substanoes included: carbazoles (7.2%), acridines (5.1%),

quinolines (2.0%), and inIo1es (0.5%). The results for these

fractims em to indicate a less efficient separation than

the BNC fractions. he aeaarnce of pyridines and quinolines

in this extract can, however, be explained by an observation

frun the BC extract. The Sun B, BC extract, was found to

cntain mnre highly brard-Ad and consequently mudh less basic

* pyrSines-
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Table IV
EXAMINATItN OF NHNC ( C1) EXTAC

EYCK SUN A AND B FUES

CND ASS SUN A AREA% SUN B AREA% I
I. 92.2 92.5

A. ENZD4 E 1.4 1.3
B. B 1.9 1.9
C. BIPHENYLS 6.9 4.8
D. ECAINS 0.3 0.3
E. FLUXD 9.1 4.9
F. NIHiLm 48.4 52.7
G. H 22.6 25.2
H. P 1.6 1.4

32. 7.A c CMPK _.7 7.6
A. ACRIDINES 0.7 3.6
B. CAdRMZOLS 6.1 3.2
E. QQIDLIES 0.8 0.4
C. D 0.1 0.3
D. TEntaRLDR LINS 0.1 0.1 I
he NC extract (a!2CI2  solubles) E the silica

gel treatment from both Sun A and B fuels is amarized in

Table IV. The results in this table illustrate that overall,

the separation schem was efficient. Te extracts consist

primarily of hyfroarbczu, 92% for both Sun A and B. The

hydrocaz1acx M present are primarily naphtha1enes and penn-

thr.m. Ftr Sun A, 48% napIhalene and 23% 1enUuwtrene and

for B, the results rex 53% and 25% respectively. I
T he tM-tamic mgmtituents present Were the less

basic, multi-substituted carbazoles for both A and B along

with acridines for Sun B. Minor cmponents for both fuels
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Table V

ACELERATED STORAGE STABILTIT FOR
FUELS SUN A AND SUN B

(Bottle Tests - Vented - mg/10m1, 800C - 14 days)

INSOULBU zun A Sun B

Filterable Insolubles: 0.9 1.1 0.9 0.8

Adherent Insolubles: 0.8 0.8 0.9 0.7

Total Insolubles: 1.7 1.9 1.8 1.5

Ferocide Cxt_ __iItiml
Before Strong 0.58 0.57
After Si : 0.96 0.75

1meq. of active aqxyeVlc fuel2 average of duplicates

I inluuw dbenr&othiophenes, tetrahydrouilines, and

Sbenzocimiolines.

Accelerated storage stability tests indicated that both

Sun A and B fuels possessed marginal stability for jet fuels

(i.e. greater than 1.0mq/100ml of total insolubles at 14 days/

80°C). The accleratad storage stability results for both

fuels are depicted in Table V. The peroxide concentrations,

maq of active oxygerVkg fuel, are also listed in Table V.

Before stress, the peroxide values were 0.58 for Sun A and

0.57 for Sun B. After Stress, Sun A had inreased to 0.96 and

Sun B, 0.75. Sun A is approachin a level that has been
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TABIE VI

ACIZAT STORAGE STABI=fl
Low Pressure Reactor

Total Sediment (!.f/100m1 Fuel)

FUEL 430C/4 weeks 65°C/6 days

Sun A 2.0 mg/100ml 1.0 mg/100ml

Sun B 1.5 0.7

I
defined as unstable (>1.0 meq active oxyger/lkg fuel). Most

freshly refined jet fuels analyzed at NRL have original

perxide levels of 0.1 meq/kg fuel or less. The initial values

indicate that both fuels should be marginally stable.

Both fuels were also subjected to accelerated testing by

a ni technique developed at NRL and described elsewhere

(Hardy et al., 1987). The method is termed U R for Low

Pressure Reactor. In brief the method consists of using 100ml

of fuel in 125 ml bottles. The u:aped bottles are then

placed in a steel reactor and pressurized to 100 psia with

ocygen, purity 99.5%, and the reactor susuently placed in a

I wtated oven for the apropriate stress time period. The

resulting sediments are then determined gravimetrically as

described. The results for Sun A and B fuels are given in

Table VI.

Fuels are graded on a Pass-Fail method for the LPR test f
procedu. The Fail value for the 43 0 C/4 week regime is i

i
________i
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5.0 mg/100ml of total sediment. The value for Sun A was 2.0

mg/100ml while for B it was 1.5 mg/lOOml.

SUMMARY AND ONCUSIONS

The polar extract components of two marginally stable

low nitrogen petroleum JP-5 fuels were isolated, characterized

ard the fuels studied in the ontext of accelerated storage

stability tests. Two storage stability methods were used:

bottle tests and xy gen oveessure. By bottle tests, total

insolubles for Sun A yielded 1.8mg/1OOml of fuel and Sun 2

1. 7mg/lOOml. By the low pressure oxygen reactor method Sun A

gave 2.0 mJ/lOOml while B gave 1.5 mq/10Oml at 43 0 C/4 weeks.

For the 65°C/6 day regimen Sun A gave 1.0 and B gave 0.7

mg/100ml of sediment respetively.

The total nitrogen analysis for each fuel was determined

by a c il-nnescent procedure and gave for Sun A 233 and for

B 83 ppl-w/v.

Sun A and B fuels were subjected to a mild acid

extraction followed by silica gel adsorption. A single mild

extract separation was selected so that the opportunity for

c ds.cal drarjes w uld be minimized. The BNc extract ontained

5.7% hydrocarbons and 93.6% heteroatoms for Sun A aid 4.2%

hyd and 92.2% heteroatcms for Sun B. The NBNC

(CH2C12) extract gave for Sun A 92.0% hyr and

I
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7.6% heteroatws, aid for Sun B 92.5% hydrocarbons and 7.6% m

heteroatcs. The NEW (CH3C) extract gave 31.6% hydro-

carbons and 70.1% heteroatcus for Sun A while the B fuel

yielded 28.1% hyr r and 70.9% heteroatcws. The main

class of heteratcmic substances identified were pyridine.

The pyridines identified in the BWC fraction were primarily

mano-alkyl substituted while those in the NNC (i 3C t-)

extract were highly branched.
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LIQUID PHASE C-OXIDAITION OF T=IOPHE {OL AND SIYRE

BY OXYGEN AND t-BYTYL HYD1OPEROxIDE
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* ABSTRACr

Instability problems in both shale and petroleum derived
middle distillate jet fuels have been correlatid with the
presence of peroxidic species. Although a good body of
knowledge exists concerning the formation of peroxides in the
liquid phase, relatively little is known about the reaction/
decomposition pathways available when other functional groups
are present. Since sulfur is the most abundant heteroatom
present in jet fuels, the reaction of t-butyl hydrcperoxide
(tEHP) and/or oxygen with thiophenol in the presence of the
active olefin, styrene, was examined in deaerated benzene at
120°C. The complex product mixture was analyzed by combined
capillary column GC/MS. Major products included acetone,
t-butanol and isobutylene fram the tBHP. Thiophenol and styrene
combined to form addition products. Phenyl disulfide was
observed from the thicienol. The results indicated that
although the product slate was complex, it was possible to
explain the product mix in tenrs of a few cupeting reactions.
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INTRODUCTION

A detailed understanding of the influence of sulfur i
conpourds on fuel instability is of continuing interest.

Organo-sulfur compounds are present in ref ined fuels and

petrochemicals. Thus, there is a heightened interest in the

mechanism of interaction of organo-sulfur ccmpouxds with active

olefins and the degradation of fuels under oxidizing

conditions.

This observed degradation can be manifested in the fuel

system by the formation of deposits on filters, in nozzles and

on combustor surfaces (Hazlett and Hall, 1985; Taylor and I
Wallace, 1967; Scott, 1965; Taylor, 1974). These deposits are

the cornsequence of free radical autoxidation reactions. Trace U
levels of sulfur cuxods have been found to influence the

deposit formation process. It has been shown that jet fuels

low in sulfur content are relatively stable and that fuels of

high sulfur content are fairly uistable (Taylor, 1976; Daniel i
and Heneman, 1983). Presently, it is not possible to relate

the observed instability to specific sulfur species. U
Heteroatcms (oxygen, nitrogen and sulfur) and ash have been

found to comprise 40 percent of such deposits (Nixon, 1962). !
The sulfur content of these deposits has been found to vary

from 1 to 9% (CRC, 1979). Sulfur (0.4%) is the most abundant

heterxatam present in the fuel itself. Deposits formed in jet

I
I
I
I
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fuel in the presence of oxygen cntained a greater percentage

of sulfur than that present in the fuel itself (Wallace, 1964).

If sufficient oxygen is present, the hydroperoxide

concentration will reach a high level. If the available oxygen

is low, but the temperature is raised, the hydraperoxide level

will be limited by free radical decomposition. In this

situation fuel degradation can be associated with the reaction

of hydroperoxides with the other moities in the fuel.

Mhir paper is concerned with the reaction between a primary

autoxidation product, a hydroperoxide, with thicphenol in the

presence of the active olefin styrene. The reactions were

carried out in deaerated benzene with t-butyl hydroperoxide or

in benzene with an oxygen overpressure. The polymerization of

styrene is a well studied reaction. The thrust of the present

work, is not the major products, but the partially oxidized

products that -Ald further be implicated in oxidation

reactions.

. tert-Butyl hydrqeroxide, traP, (90%), thicoeol

and styrene were obtained from Aldrich Chemical Co. They were

distilled in vacuo to 99.9% purity. Benzene (Aldrich Gold

Label) was refluxed and distilled from calcium hydride.
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CAUTION. Reactions involving peroxide species are inherently

unstable. In our laboratory, we have successfully carried out

the redu pressure distillation of tBHP under the following

conditions: small sample volume, 15 ml, and a temperature that

did not rise above 30" C. HPLC grade uninhibited tetrahydro

furan, THF, was obtained from Fisher Scientific. Polystyrene

molecular weight standards of 955, 1380 and 1850 were obtained

from Pressure Chmical Company.

h The reactions were carried cut in sealed borosilicate

glass tubes. The reagents (typically 3-9x10 - ol of tBRP

and 6x10- 4 ol of both thicphenol and styrene in 0.6ml of

solvent) were weighed into 6 in. long, 1/4-in. o.d. boro-

silicate glass tubes closed at one end and fitted at the other

with a stainless steel valve via a Swagelok (teflon ferrules)

fitting. The tube was attached to a vacuum system, cooled to

77K and subjected to several freeze-pup-thaw cycles. For

those runs in o ygen, the solution was bubbled extensively with

oxygen, a 40 - 45 psi over-pressure of oxygen was then added.

The tube was then subsequently flame-sealed below the valve.

The ullage volume (0.30 ml) was kept constant for all runs.

The deaerated samples were warmed to room temperature and

immersed in a Cole-Parmer fluidized sand bath. The temperature

was c=trolled by a Leeds and Northrup Electromax III

te _rature controller. The total pressure during each run was

estimated to be 5.1 atm for the runs in benzene solvent. After

I
I
I
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the reaction period (15, 30, 60 min) the sealed tube was

quenched to 77K and opened.

The samples were analyzed by cumbined GC/MS (EI mode). The

GC/MS unit consisted of a Hewlett-Packard Model 5710 GC, a H-P

Model 5982A mass spectrometer, and a Ribermag SAER GC/MS data

system. An all glass GC inlet system was used in conjunction

with a 0.31 rm x 50 m SP-2100 fused silica capillary column.

Gases formed during the reaction were analyzed using a

Perkin-Elmer Model Sigma 2 gas chrcinatograph equipped with a 6

ft. 5A Molecular Sieve column. In this mode, the column was

operated at 55C. The chromatogram was recorded and integrated

on a Hewlett-Packard Model 3390A reporting integrator. An

external stardard was used for calibration. A gauge measured

the pressure in the sample loop at the time of analysis.

Analysis for oligameric polystyrene was performed using a

Beckman microspherogel high-resolution, size exclusion column,

coupled to a Beckman Model 100-A HPIC pump, equipped with a

Rheodyne Model 7125 injector and a Waters Model 440 UV

Absorbanc Detector with a 254 run filter. Unhibited THF,

sparged with dry nitrogen, was used as the mobile phase. Peak

integration and height measurements were performed with an

Hewlett-Packard Model 3390-A integrator.
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RESULTS AND DISCUSSION I
At teperatures of 120 ° C or greater, tBHP decomposes

rapidly by an autoinitiated pathway (Mosher and Durham, 1960). I
The major reaction pathway in the 120* C decomposition of tEH-P

involves attack by free radicals present in the solution. The

detailed mechanism is complicated since free radicals are

sensitive to structural, solvent and stereoelectronic effects.

The results in Table 1 illustrate the product distribution

for the tEHP, styrene, and thiophenol derived products. The

quantities in the tables are expressed in terms of mole percent

conversion fron the moles of reactant originally present.

Products derived solely fram tEHP (for example acetone) are

calculated based on the starting amount of tBHP. The same is

true for products from the thicphenol (e.g., phenyldisulfide).

Oxidation products are calculated based on the moles of styrene

originally present.

From tEHP, the major product was t-butanol. Small amounts

of acetone, methane, isobutylene and the tE{P radical

termination product, di-t-butyl peroxide, were also observed.

tEHP products. The mechanism of autoinitiated t-butyl hydro-

peroxide decomposition can be depicted in Scheme I.

The greater yield of t-butanol compared to acetone, Table

1, definitively shows that hydrogen abstraction was favored

I
I
I
I
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Scheme I

Self Initiation

(1] tBHP 120C 4 (Q3)300 .  + OH

Propaclation

[2) (C 3)3 C0" beta scission(CH3)2Cx +.a13

[3] X-H + H _ (C3i )OH +'X

[4] tBHP + X- H abstraction(H) 3 . + X-H

Termination

[5] 2 (CH3)3CQ0" . [(CH3 ) 3C]20 2 + 02

[6] 2 X" X2

aver B-scission under the conditions of this study. Solvent

participation was noted by the formation of trace quantities of

toluene and other substituted benzenes fram benzene.

The reaction mechanism, initiation step, in the presence of

molecular oxygen can be depicted by Scheme II.

Initiation 
II

[7] R-H + M 120°C R' + MH"

I
I
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[8] R- + 02 IO

L9] ROO- + X-H RO0H + X

I
The reaction of the hydroperoxide, step (9], would then

follow the same pathways as indicated for steps [1-6] in Scheme

I. The radicals that result from either Schemes I or II could

subsequently react with either the thiophenol and/or styrene

that are present in the reaction mixture. This process can be

described by Scheme III.

Scheme III I
SH S3

10]O oro Ro R orROOH

1 0

RC-CR 2

S " S
.+ R 2 CCR-. RC-CR

R R OO. R OORI ° I I I I

RC-CR 2  RC-CR 2  RC-CR 2

I I I mm
[121 +O2 or ROO .j-- f or

I
I
I
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StVrene - thiophenol reaction products. The major product,

Tablr 1, &served was the addition product l-phenyl-2-phenyl-

thiyl ethane. Its yield at 15 min was 41.3%, increasing to

71.2% at 30 min and decreasing to 68.3% at 60 min. Other

f products included: the 1-phenyl-l-phenylthiyl ethane isomer,

0.5% at 15 min increasing to 3.5% at 60 min; the dimer of

styrene, 1,4-diphenyl butane, 0.2% at 60 ain; phenyl-2-

phenylethyl sulfoxide, 1.7% at 15 min increasing to 5.8% at 60

113] 2 ROO* - ROOR + 02

114] 2 X- - X
2

*- SO

1151 2 . Q' S.S.K--
SH So

I1161 0 .(CH,.CO. 0 -(CH 3),COH

I SH S

1171 0 * O, - 0 . HO'"

ian; phenyl disulfide, 1.1% at 15 min increasing to 2.3% at 60

min; 1,4-dipheny-2-phenylthiyl butane, 1.1% at 15 min
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Table 1

Mole % Conversion for the ReAction of Styrene with
Thiophenol and Oxygen or t-Butyl Hyaroperoxide at 1200C

CJNVF]ION' (MOIE%)I

Reaction Time (minutes)
Molecular Oxygen tB{P
15 30 60 15

Addition Products
a

1-phenyl-2-phenylthiyl ethane 41.3 71.2 68.3 62.4
l-phenyl-l-phenylthiyl ethane 0.5 1.5 3.5 1.4
phenyl-2-phenylethyl sulfoxide 1.7 4.9 5.8 3.9
phenyl disulfide 1.1 1.7 2.3 1.7
1,4-diphenyl-2-phenylthiyl butane 1.1 0.9 0.9 1.9
phenyl thiosulfonate --- 0.2 0.3 1.1
1,4-diphenyl butane - -- 0.2 0.2

Styrene Ol iqomers
polystyrene 1.0 1.0

Unreacted
styrene 34.7 2.0 1.6 13.2
thiophenol 33.2 7.1 5.8 25.2

tBHP Products
acetone - - - 0.9
t-butanol - - 57.1
di-t-butyl peroxide - - - 0.1 I
isobutylene - - 2.3

Trace Productsb 2.2 4.3 6.6 3.2

a. based on the starting moles of styrene
b. summation of small peaks

decreasLg to 0.9% at 60 min and phenyl thiosulfonate, 0.3% at

60 ain. Trace products (< 0.1% yield) included: phenyl-2 I
phenylethyl sulfone, styrene oxide, phenyl methyl sulfide and

2-ethyl toluene. The product slate was the same for both I
oxygen and t3HP, but the yields of individual components varied

I
I
I
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significantly. In general, the tEHP reaction was faster as

would be expected, than the reaction starting with oxygen. In

the presence of tBHP, the major product, 1-phenyl-2-phenyl-

thiylethane, increased to 62.4% at 15 min and the sulfoxide

product was more than doubled at 3.9% for the same time period.

Styrene in the presence of oxygen or t-butyl hydroperoxide,

was observed to undergo polymerization reactions to produce

oligomeric polystryrene. Using high resolution, size exclusion

chromatography, a standard curve was generated for the

molecular weight standards as a function of retention volume.

By this method, the average molecular weight of the oligomer

was calculated to be approximately 1300. Using the 1380

molecular weight standard to generate a concentration standard

curve, the mole percent conversion of monomeric styrene to

oligoueric polystyrene was calculated. This resulted in 1.0

mole percent oligomer as shown in Table 1. In addition, there

were sane higher molecular weight oligomers that could not be

quantitatively determined by this method.

The reaction of molecular oxygen or tBHP with thiophenol

can procec= by the following chain mechanism, steps [16-17].

The t-butoxy radical is more reactive than the t-butyl peroxy

radical and consequently is a more probable reactant in such a

mechanism (Mushrush and Hazlett, 1985).



U
I

764 MUSHRUSH ET AL.

The thiyl radical can react by several different pathways.

In a solution with a high molar concentration of styrene, the 5
reaction would proceed as shown in steps [18-19].

SO H 2 C=CH Q I

1181 0- H2C-CH0 1
SO HCCH QI

1191 - S

C2-CH

I
Equation [19] was the preferred pathway since it resulted

in the more thermodynamically stable radical. The major

product, phenyl-2-phenyl thiyl ethane, then results by hydrogen

abstraction. The other radical generated, equation [18], led

to one of the observed minor products, diphenylthiyl ethane. 3
Other pathways could involve the reaction of radicals generated

in steps [11] or [12] with additional olefin to give products

of high molecular weight.

The sul foxide product, phenyl-2-phenylethyl sul foxide, 5
could result from several mechanisms. The most likely

I
I
I
I
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mechanism however, would be the reaction of the hydroperoxide

sp-cip" with the sultide formed in step [19]. Expansion of the

sulfur valence shell is probable in the processes involved in

this step. The resulting sulfoxide once formed is quite

stable, as can be seen from the gradual increase in yield,

Table 1, at extended reaction time.

The thiyl radical can also undergo a dimerization reaction

to produce the disulfide, step (15], and subsequently more

extensive oxidation to yield the thiosulfonate product.

COCIUSION

Fuel deterioration can manifest itself in several ways,

including the formation of insoluble deposits. Reactive

species in fuels which may be involved include oxygen species,

hydroperoxides, various classes of heteroatom coupounds, -iJfur

species and active olefins. This paper specifically examined

the t-butyl hydroperoxide and oxygen induced co-oxidation of

styrene and thiophenol in benzene solvent at 120 °C.

Co-oxidation reactions offer one possible explanation for the

increased heteroatom incorporation observed in these deposits.

A comnon slate of tE{P products was observed for all

reaction times. The major product observed from tB{P was

t-butanol. Other observed tEHP products included methane,

acetone and isobutylene.

I
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Co-oxidation of styrene and thiophenol in the presence of

oxygen or tBHP at 120C formed phenyl-2-phenylthiyl ethane as

the major product. The styrene system also formed sulfoxides

in appreciable yield. Styrene, oligomers were formed in about

1% yield at M.W. of about 1300 daltons with an indeterminate

yield above 1300 daltons.

Thiophenol formed a significant amount of phenyl disulfide

along with its oxidized product, phenyl thiolsulfonate. No

solvent incorporation was noted with any of the products.
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LIQID PHASE OXEDATION SWDIE: -CAL IONIZATION
OF AUL KEITNES IN AN ION TRAP MASS SPECI 1'E

Bruce H. Blacka, Dennis R. Hfardyb, Rgbert E. Morrisb

aGeo.Ct, Inc., Ft. Washington, M 20744. bNaval
Research Laboratory Navy Tecnology Center for Safety and
Survivability Fuels Section, Code 6180 Washirztm, D.C.
20375 ard PGeorge Mason University, Fairfax, VA 22030.

The oxygn or hydroperoDxid oxidation of various organo-sulfur
compounds in both model and real fuels is an area that isI presently under renewed investigation. Sulfur counds of
interest include thiols and disulfides in particular.

Auoidation reactions produce besides the expected sulfurI oxidation products: sulfoxides, sulfo , thiosulfonates and
sulfonic acids, small amounts of hydrocarbon oxygenates fran
the model fuel, dodne. It was noted that the mass spectra
of the oxygen species gave results that were instrument
dependent. The results from an ion trap detector are quitedifferent when compared to a dodecapole mass speCtrae .

fITROJCTION

Liquid phase oxidation reactions of heteroatan species are

intimately involved in the formation of sediments and gums in

middle distillate fuels (C. R. C., 1988; MUshrush, et.al.,

935

I Copyraht© 1990 by Marcel Dekker, Inc.
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1 1987; Mayo and Lan, 1987; Hazlett, 1980; Scott, 1965). Deposit

formation in some fuels is triggered by autoxidation reactions

and ca, be closely linked to active oxygen species such as

hydroperoxides (Watkins, et. al., 1989). Although slight

thermal degradation is found to occur under nonoxidizing

atmospheres, the presence of oxygen or active oxygen species,

hydroperoxides, will greatly accelerate oxidative instability

reactions. If sufficient oxygen is present, the hydroperoxides

will reach a high level. At elevated temperatures however, the

hydroperoxide concentration will be lowered by free radical

decomposition. These free radical decomposition reactions of

hydroperoxides result in the formation of ketones and alcohols

(Mosher and Durham, 1960; Mushrush and Hazlett, 1985). In a

study of the mass spectra of the autoxidation products of

dodecane, the mass spectr-al results obtained via an ion trap

detectxnr and a dodecapole mass spectrometer were quite

different. In particular, the generation of the (M+1)+ ion

from ketones as detected by the ion trap detector failed to

exhibit a concentration dependency, although such a dependency

was confirmed for the dodecapole detector.

*AL

Instrumental Methods Product identification was obtained by

combined GC/MS (EI mode). The GC/?S unit consisted of a
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Hewlett-Packard Model 5890 GC coupled to a Finnigan MAT ion

trap detector, TIM. An all glass GC inlet system was used in

I aumbination with a 0.2=0S~m OV-101 fused-silica capillary

column. Operational parameters included: sample size - 0.5

microliter, injector split at 60:1, column flow - ImL/min at a

head pressure of 30 psi, detector gain - 105 (dynode voltage

800 to 2900v cmputer controlled), injection port - 200°C,

teierature program - 700C (2 min hold), 6°C/min prograrmied

tsperature rise, 240"C (25 min final hold). The mass spectra

were compared with those obtained from a dodecapole GC/MS (EI

mode) instrment. The GC/MS unit consisted of a Hewlett-

Packard Model 5710 GC, a HP Model 5928A mass spectroeter and a

Ribermag SAMR GC/MS data system. An all glass GC inlet was

used in conjunction with a 0.31=o50m SP2100 (similar to

OV-101) fused-silica capillary column. Operational parameters

I included: sample size - I to 2 microliters, injection split at

60:1, column flow - 1.1 to 1.2 mL/min at a head pressure of

1 10.5 psi, detector gain - 9 on "LoW' scale, injection port -

i 220"C, temperature program - 70"C (2 min hold), 4°C/min

programmed temperature rise, 220"C (16 min final hold).

Reatent n-Hexyl disulfide and n-dodecane were supplied by

Aldrich chemical Co. and purified by reduced pressure

distillation. Model dodecanones and dodecanols were supplied

by J.T. Baker and Chemical Samples Co. They were used as

received.I
I
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A typical run consisted of a dodecane solvent (150 mL) with

a maxim= of 0.3% (w/w) sulfur added as hexyl disulfide. The

solution was then reacted at 100"C in a sealed 100 psi air or

pure oxygen atmosphere. The reaction mixture was quenched,

titrated for peroxide species and analyzed by cambined

capillary column GC/MS for oxidized sulfur and dodecane

I products.

I
RESUTIS AND DISCUSSION

Hydrocarbons in an oxidizing environment produce as a

primary product, hydroperoxides. tong chain alkyl hydroper-

oxides are usually not observed due to their labile bonds.

However, their decamnosition products, alcohols and ketones are

the observed reaction products. The major observed products

fron the oxygen induced oxidation of hexyl disulfide in

dodecane solvent at 100*C included: thiolsulfinates, thiol-

sulfonates, disulfones and all the dodecanone and dodecanol

isomers. These ccmpnpds were confirmed by retention time and

I silylation of model mixtures of model dodecanones and

dodecanols (Mushrush, et. al., 1987). In a kinetic study of

the competitive oxidation rates of heteroatoms with hydro-

carbons, mass spectra results for aliphatic ketones were

detected with an ion trap detctor that were quite different

Ifrom those determined with a dodecapole instrument.
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The mass spectrum of the dodecanones detected with an E1

ion trap detector differed significantly from those determined

with an El dodecapole instnmnt. It is well known that oxygen

moieties, i.e. ethers and ketones, can form an (M+1)+ ion in

an El source of a standard quadrapole or dodecapole mass

spectrometer when high concentrations or large sample sizes are

euployed (Silverstein, et. al., 1974). This has been

attributed to bimolecular collisions in the (EI) ion chamber

rather than an intramolecular ralrraremen or collisions with

a reagent CI gas. With large sample sizes, a hydrogen transfer

fram a neutral molecule with the parent radical ion to form an

( 1) +  ion was observed to o=ir in the dodecapole GC/MS

unit. This (M+i)+ species was also observed with the ion

trap detector However, alkyl ketones were observed to

routinely show the (M+1)+ ion rsardless of the concentration

or sample size in the ITD. Figure 1 depicts the ITD mass

Spectrum of 3-dodecanone (1000 ppm) in heptane contrasted with

I the 3- can (10 ppm) mass spectrum that results from the

mxidation of the dodecane reaction mixture. These

I concentrations correspond to an analyte concentration in the

I ion trap detector of approxmately 7 ng and 0.1 ng

respectively. The (M+I)+ species at m/z 185 was evident in

both spectra cftained under identical ion trap conditions.

There are several explanations for this observation. Scheme 1

depicts a plausible mechanism for the formation of an (M+1)+

I
I
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57 (a) 10 ppm 3-DODECANONE
I _REACTION MIXTURE

I
-- 72

155

1 185I I i i I I I'

1 40 60 80 100 120 140 160 180 200

I 57 (b) 0.1% 3-DODECANONE
HEPTANE SOLVENT

i -72

I
155 185IJ L 1 ... 

4 1  I ' 1 8II I I
40 60 80 100 120 140 160 180 200

i m/z

i Figure 1

ITD Mass Spectra of (a) 3-Dodecanone at 10 ppm from the autoxid-
ation reaction mixture of dodecane, hexyl disulfide and 100 psi
oxygen at 100°C, and (b) 3-Dodecanone at 1000 ppm in heptane.I



CHEMICAL IONIZATION OF ALKYL KETONES 941

0
11

R'-02H2HRf

Ionization

Intraml1eO21ar HyidroigenI Abstraction
+ O

Intermolecular Hydrogen McI~afferty RearrangentI ~ ~~~Abstraction_______

RI RH'HR R'--H <H;mRl

+OH OH

R' -C-a12 cai2CH2-R%' RI'32+C2,HR

I (M4)

I Scheme 1
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I 55 (C) 0.1% 4-METHYL CYCLOHEXANONE

HEPTANE SOLVENTI

I -112

40 60 80 100 120

I m/z

I Figure 2

I ITD Mass Spectra of (c) 4-Methylcyclohexanone at a

concentration of 1000 ppm in heptane.I
I

ion. A typical McLafferty rearrangement could be invoked as

I in a standard EI source at high sample concentrations (Milne,

1971). This does not appear to be the entire explanation based

I on the fact that even at low sample concentrations, the

(M+1) + ion was still observed in the ion trap detector. An

additional check using 4-methylcyclohexanone at a concentration

I of 1000 ppm in heptane solvent was made as depicted in Figure

2. This caT=ouxx even at the high concentration in the ionI
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trap detector was not able to undergo the McL1afferty rearrange-

meit and yet a prominent (M+l) + ion was formed. An

alternative explanation was that the ion trap detector EI

source operation allows intermolecuar hydrogen abstraction from

a neutral sample species regardless of sorce pressure and even

of sample concentration. An (+I) + ion formation mechanism

for 4-methylcycldexnone in the ion trap detector could not be

explained by the McLafferty rearrangesent. However, where

molecular gecmetry allows, both the Mc4affery rearrangemnent and

the ion trap detector source operation effect are operational

simultaneously.

I

Autoxidation reactions of hydrocarbons result in alcohols

and ketones as primary reaction products. It was noted in the

mass spectral study of the mcdation products of dodecane that

the mass spectrum differed when an El surce ion trap detector

mass spectrum was compared to that of an EI source dodecapole

mass s r . The generation of an (M+I)+ ion from

ketones in an ion trap detector failed to exhibit concentration

dependencies. Cmcx tratin dependency was confirmed for the

dodecapole detector. Two explanations are offered to explain

the observed results. First, a typical Mclafferty

I
I
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rearrangement can be invoked for the dodecapole detector.

Sendly, it is proposed that the ion trap detector EI source

operation allows intermolecular hydrogen abstraction from other

neutral species regardless of the source pressure and concen-

tration effects. The mass spectra of ketones must be

intrepreted with caution when an El source ion trap detector is

employed.
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INTRODUCTION

In recent years the quality of petroleum feedstocks used byrefineries has decreased. This has necessitated the use of more severe
refinery processes in order to produce jet fuels of higher thermal
stability and cleanliness. Unfortunately, these processes remove
species that inhibit the formation of hydroperoxides during storage. Asa result the storage stability of some jet fuel products, as measured
by hydroperoxide formation, has decreased.

Hydroperoxides in jet fuel have a deleterious effect on elastomers
in aircraft fuel systems. (1-3) This problem was first recognized in
the early 1960s when an unusually large number of flexible fuel
manifold hose failures occurred in aircraft operating in the Far East.
(4) To investigate the cause for these failures, a rubb ersion
test was developed to distinguish between good and bad fuels. Rubber
samples were immersed in jet fuel at 100±1"C and their rate of
deterioration, from visual inspection, was recorded. Peroxides, which
were known to cause rapid deterioration of elastomers, were monitoredduring the immersion test. The peroxides in a fuel as received weredesignated existent peroxides. The peroxides that formed after the fuel
was heated to 1000C for 100 hours were designated potential peroxides.
In general, as the concentration of potential peroxides in a fuel
increased, th e coentime for a rubber sample decreased. (4)

During the 1970s and 19809, additional hydroperoxide induced
elastomer failures in aircraft fuel systems occurred. In one instance
the failure resulted in the loss of an aircraft. As a result of these
failures, a cooperative program was initiated to develop a method to
predict a jet fuel's tendency to form hydroperoxides during storage.
Six laboratories participated and seven fuels, some of which contained
a phenolic antioxidant, were included in the first Coordinating
Research Council, Inc., (CRC) cooperative interlaboratory testing
(round robin).

A procedure similar to the rubber immersion test was used. Fuel
samples were stressed in capped brown borosilicate glass bottles at
100"C for up to 168 hours. The fuel samples were periodically analyzed
for hydroperoxide concentration at intermediate intervals by ASTM
D3703-78. (5) The results indicated that this procedure had fair
repeatability and poor reproducibility. The participants concluded that
additional work was needed to achieve better values.

Prior to further developmental work, it was suggested that testingat 100"C may not be indicative of peroxidation at ambient conditions.
To verify this possibility, an experiment was performed in which four

1277



fuels from the first round robin were stressed at 43°C, 65°C, and 80'C.
Aliquots of the fuels were periodically removed for peroxide analysis.
Peroxidation rates at these temperatures were compared to the rates
obtained at 100"C in the first interlaboratory round robin.

The fuel samples were, unfortunately, stressed in capped bottles.
This limited the amount of oxygen available to the samples. At higher
temperatures, 801C and 100°C for instance, the frequency at which
aliquots were removed allowed for more frequent replenishment of
atmospheric oxygen. At the lower temperatures where aliquot removal was
less frequent, oxygen starvation led to a decrease in the peroxidation
rate. This suppression of peroxidation rate in turn led to the
erroneous conclusion that peroxidation occurs by a different mechanism
at elevated temperatures. In further studies, therefore, the
temperature at which fuels were stressed was limited to 65'C.

Two additional interlaboratory round robins were performed. This
work culminated in a set of standard test conditions that are useful in
research studies. (6) These conditions, however, have serious
limitations for fuel quality use. These include the duration, 4 weeks,
and the limitation as a Go/No Go (pass/fail) test. The use of a
pass/fail criterion does not allow fuels to be ranked relative to each
other. Furthermore, under these conditions antioxidant additives cannot
be easily or quickly tested for their relative effectiveness. Clearly
a more rapid and meaningful test must be developed.

This paper describes experiments that compare fuels stressed at
65"C in capped and vented bottles. Also described is a method for
distinguishing between various antioxidant additives using a serial
dilution technique.

ZXPZRIKZTAL

Five fuels were used in this study and included: Three JP-5
blending stocks; coded Fuel #1, #2, and #3; Shale II, a finished JP-5
jet fuel; and n-dodecane. The n-dodecane was treated with silica gel to
remove polar species that may have influenced peroxidation rate. This
was done by adding 250g of 100-200 mesh activated silica gel to two
liters of n-dodecane. The mixture was magnetically stirred for six
hours. Two liters of each sample were prefiltered through a pair Gelman
type A/E glass fiber filters prior to accelerated aging.

Two sets of each sample were prepared. The first set remained
exposed to atmospheric oxygen, and the second set remained tightly
capped for the duration of the test. For each anticipated hydroperoxide
analysis period, two 125mL brown borosilicate glass bottles each
containing a 1OOmL sample were prepared. The duplicate samples were
initially to be analyzed for hydroperoxide concentration in duplicate
every two weeks for eight weeks. This was later modified and single
samples were analyzed in duplicate for up to twelve weeks. The samples
were stressed in an oven at 65'C for the duration of the test.

Phenolic antioxidant experiments were performed using a serial
dilution technique. Two pure compounds, 2,6-di-t-butyl-4-methyl phenol
(26dtb4mp) and 2,4-di-t-butyl phenol (24dtbp), were used in this study.
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Stock solutions were prepared by dissolving 24mg of an additive in l.OLFuel #1. This is the maximum concentration allowed in JP-5 jet fuel by
MIL-T-5624N. (7) Aliquots of the stock solution were diluted to lO0mL,with an appropriate volume of neat Fuel #1, in 125mL brown borosilicate
glass bottles. A series of samples for each additive were produced with
concentrations between 24.0mg/L and 0.3mg/L.

An entire sample set of either additive, including a 100mLadditive-free Fuel #1 aliquot, was simultaneously stressed in a low
pressure reactor (LPR) at 1OO"C and an oxygen overpressure of 793kPa.(8) After 24 hours under these conditions, the samples were removedand analyzed for peroxide concentration.

A Mettler DL20 automatic titrator was used for peroxidedeterminations. Analyses were performed according to ASTM D3703-85: theStandard Test Method for Peroxide Number of Aviation Turbine Fuels. (5)

RZSULTU

The results of accelerated aging at 65"C in capped bottles areshown in Figure la. It can be seen that four of the samples approached
hydroperoxide concentrations of approximately 90ppm. The fifth sample,
Shale II JP-5, continued slow peroxidation for the duration of thetest. The results of accelerated aging at 65"C in vented bottles isshown in Figure lb. It can be seen that three samples, Fuels #i, j2,and 43, produced extremely high concentrations of hydroperoxides underthese conditions. In Figure lc the peroxidation of n-dodecane and ShaleII JP-5 in vented bottles is shown with an expanded ordinate.

Comparison of Figures la and lb shows that peroxidation rate inthe capped bottles is significantly reduced. This is a result of thelimitation of atmospheric oxygen. Although not apparent from these
figures, the hydroperoxide concentration in the two sets of fuelssignificantly differed at two weeks. At four weeks Fuel #3 had thehighest hydroperoxide concentration in both sets of fuels. It can beseen, however, that the concentration in the vented sample was nearlyeight times that of the capped sample. After four weeks, thehydroperoxide concentration in Fuel #3 continued to increase in thevented bottle. In the capped bottle, however, the concentration of
hydroperoxides remained relatively constant. This indicates that oxygen
starvation has occurred.

In Figure lb it can be seen that Fuels #1 and #2 also exhibited atendency to form high concentrations of hydroperoxides. Both of thesefuels undergo a relatively slow rate of peroxidation for six weeks.
After six weeks, both fuels rapidly form hydroDeroxides. In the ventedbottle, Fuel #1 undergoes peroxidation at a linear rate until tenweeks. In the capped bottle, however, Fuel #1 peroxidizes at much
slower rate. Unlike Fuel #3, Fuel #1 slowly approaches what appears to
be a limit of approximately lO0ppm.

Similar characteristics are exhibited by Fuel #2. In the ventedbottle this fuel undergoes a rapd rate of peroxidation after sixweeks. The peroxide concentration continues to increase for theduration of the test. In the capped bottle, however, Fuel #2
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peroxidizes at a much slower rate finally reaching a concentration
limit similar to that of Fuels #1 and #3. These results indicate that
accelerated aging in capped bottles not only limits the amount of
hydroperoxides formed, but reduces the rate at which peroxidation
occurs.

Figure lc shows the rate of peroxidation for n-dodecane and Shale
II JP-5 in vented bottles. Both fuels exhibited a relatively slow and
linear peroxidation rate. When compared to Figure la, it can be seen
that Shale II exhibited similar characteristics in capped bottles. The
Shale II sample reached a maximum hydroperoxide concentration of 28ppm
in the vented bottle. In the capped bottle the maximum concentration
formed is approximately 18ppm. In general, the rate of hydroperoxide
formation in the capped bottles was approximately 68.6 ± 7.8% of the
rate in vented bottles for the Shale fuel. This again shows that
accelerated aging in capped bottles reduces peroxidation rate.

The rate of hydroperoxide formation in n-dodecane in capped
bottles seemed to exhibit a periodicity. This was much less apparent in
the vented samples. The maximum concentration of hydroperoxides formed
was similar in both sets of samples. It is expected that after twelve
weeks the hydroperoxide concentration in the capped n-dodecane sample
would remain constant.

A cursory examination of phenolic antioxidant effects at 100"C and
793kPa oxygen for 24 hours was also performed. It is well known that
hindered phenols significantly reduce liquid phase free-radical
autoxidation of hydrocarbon fluids. (9-11) The relative effectiveness
of these compounds has been shown to be structure dependent. (9) In
general, the presence of a t-butyl group in the 2-position or both the
2- and 6-position increases its effectiveness as an antioxidant. The
presence of an alkyl group in the 4-position also leads to an increase
in its antioxidant properties. If the alkyl group in the 4-position
possesses a-branching, such as a t-butyl or an isopropyl group,
however, the additive's antioxidant characteristics are diminished. (9)

Figure 2a shows the effect of 26dtb4mp in Fuel #1 using the serial
dilution technique. It can be seen that this additive exhibits an
antioxidant effect to concentrations as low as 0.3mg/L. Figure 2b shows
the effect of 24dtbp in Fuel #1. It can be clearly seen that under
these conditions, 24dtbp is a significantly less effective antioxidant
than 26dtb4mp as would be expected.

Figure 2c is a side-by-side comparison of the effect of the two
additives. This shows that 26dtb4mp is approximately 20 times more
effective than 24dtbp at various concentrations, e.g., 0.3mg of
26dtb4mp is as effective as 6.0mg of 24dtbp; 0.6mg of 26dtb4mp is as
effective as 12.0mg of 24dtbp, etc. These results show that under these
conditions it is possible to evaluate the effect of various
antioxidants relative to each other.

SUMMARY

In the past additive-free fuels have been ranked relative to each
other by the length of their induction period. This period is

1280



characterized by slow peroxidation until a readily discernible change
in rate occurs, i.e., the "breakpoint". Antioxidants have also been
compared by their ability to increase the induction period in a
particular fuel. Unfortunately at higher temperatures the induction
period for additive-free fuels is either minimal or non-existent. This
renders its measurement quite subjective. Furthermore, the end of the
induction period, or breakpoint, often occurs at hydroperoxide
concentrations higher than are allowed by MIL-T-5624N. (7) The use of
the breakpoint as a criterion for ranking fuels or additives is,
therefore, not appropriate.

The rate at which a fuel approaches the military specification
peroxide limit, 8ppm, would be more useful. For example, a fuel with a
longer induction period than another fuel is not necessarily better. If
the first fuel's induction period rate is greater, it will reach the
specification limit sooner. Unfortunately, the use of induction period
rate also presents problems. At lower temperatures the induction period
for additive-free fuels is long enough to objectively measure an
induction period rate. At higher temperatures, 100"C and 120"C for
instance, the induction period rate measurement, like its length, is

too subjective.

If more objective measurements of induction period rates are
desired, it is necessary to remove and titrate samples for
hydroperoxide concentration at very frequent intervals. At 100°C and
120°C, it may be necessary to analyze fuel samples every 30 minutes, or
less. For additive-free fuels, or fuel samples obtained from field
activities, these labor intensive induction period rate measurements
are necessary.

For antioxidant evaluations, the use of the serial dilution

technique has advantages over induction petiod rate and length
measurements. First, it is not a subjective test. All samples of a
particular fuel and additive combination are stressed under exactly the
same conditions. The technique is not concerned with either the length
or rate of the induction period. It simply compares the concentration
effect of various antioxidants on peroxidation in a given fuel. Second,
the technique is far less labor intensive. These advantages make this
technique useful for further antioxidant evaluations.
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Continuing revision of the Calculated Cetane Index (ASTM D976), which is based on physical
properties, focuses on the need for a Calculated Cetane Index based on fuel composition rather than
physical properties. To address this need, the development of a new cetane index was investigated
by using multiple linear regression analysis. The trial index was based on percent straight chain and
branched chain saturates, and percent monocyclic and dicyclic aromatics, as determined by a com-
bination of HPLC and proton NMR analyses. The 53 fuels that comprised the fuel set were obtained
from a worldwide survey, and their cetane numbers ranged from approximately 43 to 64. For the
same fuel set, the trial index was evaluated on its percent predictability and R2 value, relative to those
of three published cetane indices. For the fuels examined, the preliminary cetane index based on
compositional analysis appears promising-. it exhibited similar percent predictions and lower percent
overprediction than the recent Calculated Cetane Index, ASTM D4737-87.

Introduction on similar bulk properties, viz., 10, 50, and 90% distillation

An accurate and reliable method of measuring cetane temperatures and density.
number, Le. the ignition quality of diesel fuels, is important Continuing revision of the Calculated Cetane Index is
since diesel fuel is the primary mobility fuel used in the likely indicative of fuel compositional changes such as
U.S. Navy's ships and boats as well as in the nation's changes in the crudes' composition or refinery operations
trucks, buses, etc. The standard method of determining or both, for the ignition characteristics of a fuel are related
cetane number is the engine test, ASTM 1)613.1 However, to its chemical composition. 9- 12 Consequently, an index
for convenience purposes, moat refineries rely on the ap- based on compositional analysis would be better predictive
proved alternative method of determining cetane number, of cetane number than calculated cetane indices based on
viz., the Calculated Cetane Index.2 This is a predictive physical properties. The National Research Council of
equation of cetane number and is based on bulk properties, Canada (NRCC) has developed a cetane index based on
namely, distillation temperature(s) and density of the parameters involving combinations of physical properties
fuel.3-6 that, on modeling, relate to the chemical structure of diesel

Historically, the need for greater accuracy in predicting fuels.'2 Although the NRCC index was found to be an
cetane number led to several revisions of the original ce- improvement over existing indices and was proposed12 as
tane index, which was recommended in 1944.6 These an alternative to ASTM D976-80 and the Canadian Gen-
revisions include ASTM D976-663 and ASTM D976-80. 4  eral Standards Board cetane index, 3 it is lengthy and
Also, to resolve problems of biases observed with ASTM involves six measurements, one of which is aniline point.
D976-80, improvement equations for ASTM 1)976-80 were This also detracts from its merits since aniline is toxic.
formulated. 7-j However, the ASTM D976 method was In formulating cetane indices based on compositional
recently replaced by a more complex equation, ASTM analysis, it is important to identify and quantify the var-
D4737-87.5 Like the indices preceding it, D4737-87 is based ious types of hydrocarbons present in diesel fuels. Several

indices based on the different types of carbons, as well as
on hydrogen type distribution, have been reported. De-

(1) ASTM Method D-613, Standard Test Method for Ignition Quality termination of different types of carbons was based on
of Diesel Fuels by the Cetane Method. In Annual Book of ASTM proton NMRI 12.1' or carbon-13 NMR ' 16 analysis; hv-
Standards. Part 47, Test Methods for Rating Motor, Diesel, Aviation
Fuels; ASTM: Philadelphia, PA. 1980.

(2) Military Specification MIL-F-16884H, Fuel, Naval Distillate:
Amendment 2. Section 4.5.1. (9) Olson, D. R.; Meckel, N. T.. Quillian. R. D. SAE Paper 263A:

(3) ASTM Method D-976-66, Standard Test Method for Calculated Society of Automotive Engineers Inc.: New York. 1960.
Caeane Index of Distillate Fuels. In Annual Book of ASTM Standards, (10) Indritz, D. Prepr--Am. Chem. Soc., Div. Pet Chem. 1985, 30(2).
Part 23, Petroleum Products and Lubricants; ASTNL Philadelphia, PA, 282-286.
1976. (11) Guider. 0. L.; Glavincevski. B. Prepr.-Am. Chem. Soc.. Div. Pet

(4) ASTM Method D-976-80, Standard Teat Method for Calculated Chem. 1985. 30(2), 287-293.
Cetane Index of Distillate Fuels. In Annual Book of ASTM Standards, (12) Guider, 0. L.; Burton, G. F.; Whyte, R_ B. SAE Paper 861519:
Petroleum Products. Lubricants, and Fouil Fuels; ASTM: Philadelphia, Society of Automotive Engineers Inc.: Warrendale. PA, 1986.
PA, 1988; VoL 05.01. (13) Steere. D. E. SAE Paper 841344; Society of Automotive Engineers

(5) ASTM Method D-4737-87. Standard Test Method for Calculated Inc.: Warrendale, PA. 1984.
Cotie Index by Four Variable Equation. In Annual Book of ASTM (14) Glavincevski. B.: Guider, 0. L.; Gardner. L. SAE Paper 841341:
Standards, Petroleum P('oducts,. Lubricants, and Fosil Fuels; ASTM: Society of Automotive Engineers Inc.: Warrendale. PA. 1984,
Philadelphia, PA, 1988; Vol. 06.03. (15) DeFries. T. H.; Indritz. D.; Kastrup. R. V. PREPR-Am. Chem

(6) J. Inst. Pet. 1944,30. 193-197. Soc. Div. Pet. Chem. 1985, 30(2). 294-302.
(7) Collins, J. M.; Unselman, G. H. Oil Gas J. 19 2., June 7, 148-160. (16) DeFries. T. H.; Indntz. D.; Kastrup, R V. Ind. Erg Chem. Res.
(8) Unzeiman. G. H. Oil Gas J. 1983, Nov 14. 178-201. 1987, 26, 188-193.
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drogen type distribution was based on proton NMR Table I. H]PLC Compositional Analysis of Worldwide Survey I
analysis.17.18 Fuels

A disadvantage of cetane indices based solely on con- % compn (v/v)'
ventional NMR analysis for identification and quantifi- CHurCH3 mono-
cation of the different types of hydrocarbons is that overlap cetane (proton satu- cyclic dicyclic
of several chemical structures in the same spectral region fuel ID' no.b  NMR data)' rates aromaUcs aromatics

can cause anomalous results.18 Thus, there is need for a A. 27 Samples of Commercial Marne Gas Oil (Ranked in Order of
cetane index based on improved compositional analysis. Measured Cetane Number)

In this paper, the development of a new cetane index C-M-21 64.4 2.02 92 5 5
C-M-45 59.5 2.05 84 13 3

was investigated to address this need. The trial index was C-M-26 59.0 1.77 81 15 4
based on percent straight-chain and branched-chain sat- C-M-37 (A) 56.7 1.82 88 10 2
urates and percent monocylic and dicyclic aromatics as C-M-30 (A) 56.6 1.77 88 10 2
determined by a combination of HPLC and conventional C-M-28 55.9 1.73 85 13 2
proton NMR analyses. Evaluation of the index was based C-M.18 55.1 1.56 84 14 3
on percent predictions, over/underpredictions, as defined C-M-11 53.3 1.87 79 14 8

by specific criteria and on regression analysis. The percent CM-42 53.0 1.83 81 11 8
predictabilities of this index and its correlation coefficient C-M-19 52.3 1.67 81 15 4

C-M-34 52.0 1.74 72 21
with cetane number, R2, were compared with those of three C-M-24 51.8 (49.6) 1.89 75 21 4
other published indices including ASTM D4737-87. C-M-33 51.8 1.47 81 15 4

C-M-20 (B) 51.0 1.53 80 17 3
Experimental Section C-M-17 (C) 50.9 1.41 80 17 3

Fuel Set. The fuel set comprised 53 fuels obtained from a C-M-48 50.8 1.60 82 15 3
worldwide survey involving 38 countries.19 Classification of the C-M-39 (B) 50.4 1.62 81 17 3
fuels as documented2O were as follows: (a) 27 samples of corn- C-M-43 49.8 (48.5) 1.24 85 12 3
mercial marine gas oil of which 3 were duplicates for quality C-M-29 49.7 1.51 85 12 3
analyis/quality control purposes, with cetane numbers of these C-M-49 49.7 1.51 78 20 2
fuels ranging from approximately 45 to 64; (b) 22 sampls of Navy C-M-38 (C) 49.3(51.7) 1.51 78 19 3
distillate fuel (F-76) with cetane numbers ranging from approx- C-M23 48.6 1.58 78 19 2
imately 48 to 56; (c) 4 samples of commercial heavy marine gas C-M-14 47.5 1.39 84 14 2
oil with cetane numbers ranging from 43 to 56; Note: in Tables C-M-88 47.4 1.60 771 15" 81
I and I, for the same clms of fuels, fuls were ranked in descending C-M-13 47.1 1.54 73 24 4
order of ctatne number. C-M-36 45.5 1.22 84 13 3

Fuel Composition. Two types of ompomitional analyss wC .M-25 45.3 1.65 76 16 8
performed, which were as follows. B. 22 Samples of Naval Distillate Fuel and 4 Samples of Commercial

Proton NMR Analysis. Analysis based on proton NMNR was Heavy Marine Gas Oil (for the Same Fuel Class, Fuels Ranked in
perfomed by Southwest Research Isiute (SwRD using a JEOL Order of Measured Cetane Number)
FX 90Q Fourier transform NMR spectrometer. Sample con- N-F-72 56.3 1.67 81 17 2
centration was 33% in deuterated chloroform (v/v) with tetra- NF-55 54.0 1.40 85 11 3
methylailane as the internal standard; the NMR tube was 5 mm N-F-71 53.9 1.62 83 14 3
in diameter. The NMR integrations for specific chemical shifts, N-F-53 53.9 1.48 84 12 5

as reported by Bailey et aL,W were measured by Geo-Centers Inc. N-F-73 53.2 1.71 83 13 4
HPLC Analysis. The method employed was based on the NF-63 53.1 1.77 80 17 3

liquid chromatography/differential refractive index detection N-F-83 53.0 1.568 81 15 4
uw tod developed by Sink, Hardy, and Hasrteml By this method, N.F-6 52.7 1.61 80 18 2
the fuels were separated into three compound classes, viz., sat- N-F-59 52.1 1.34 85 12 3
urates, monocyclic aromatics. and dicyclic aromatics (% v/v). N-F-61 52.0 1.70 79 18 3
Fuels were analyzed on a silica gel column (Whatman M9 10/25 N-F-4 51.9 1.55 81 17 2
um Partimil PAC semiprep, 25 cm long, 9 mm Ld.) with polar amino N-F-56 51.8 1.68 72 24 4
cyano groups as the bonded stationary phase and Freon 113 N-F-57 51.6 1.68 77 19 4
(1,1,2-trichloro-1,2,2-trifluoroethane) as the mobile phase. N.F-81 51.6 1.47 84 13 3

Analysis of all fuels except one (C-M-88) was done at least in N-F-77 51.0 1.41 81 18 1
triplicate (ee Table IA). The results given in Table I are average N-F-52 50.8 1.57 (1.48 81 16 3
values of replicate analyses. Repeatability was good for most of N-F.80 50.6 (51.2) 1.52 80 17 3
the fuels including those fuels that were recoded for quality NF-82 50.3 1.36 83 14 3
analysis/quality control purposes. Thus, the standard deviation N.F-79 50.0 1.58 81 15 4
for approximately 80% of the fuels was within *0-1%. This can N.F-74 49.6 1.52 81 14 5
be considered as within the experimental error of the method. N.F-54 49.5 (49.6) 1.49 80 16 4
For approximately 17% of the fuels, their standard deviations N-F-78 48.6 (48.2) 1.41 83 14 3
were within *-1-2%, and for approximately 2% of the fuels, the C-H-23 55.6 1.65 81 17 2
standard deviation was 4%. Standard deviations of *2-4% may C-H-30 49.6 1.75 83 14 3
be attributed to the assigned vs the true base line in the automatic C-H-21 48.7(47.9) 1.69 75 18 7
integration of those peaks. However, such problems are readily C-H-36 43.1 1.27 79 19 2

0 Fuels with the identical letter in parentheses are identical. Key: N
= Navy; F = F-76 (Naval distillate fuel); C = commercial marine gas

(17) Gulder, 0. L; Glavincevski, B. Combust. Fae IS, 63, 231238. oil: H = heavy marine gas oil. 6 Cetane numbers in parentheses are the
(18) Bailey, B. K.; Russell, J. A.; Wimer, W. W.; Buckingham, J. P. values obtained on recoding the same fuel. 'This ratio is a measure of

SAE Paper 861521; Society of Automotive Engineers Inc.: Warrendale. the straight- to branched-chain saturates. 'Average of analysis per.
PA, 1986. formed at least in triplicate unless otherwise noted. "Average of anal-

(19) Shaver. B. D.; Rigsted. D. AL; Modetz, H. J.; Shay, J.; Woodward, ysis performed in duplicate. ' Value obtained on repeat NMR analysis
P. SAE Paper 871392; Society of Automotive Engineers Inc.: Warren-
dale. PA. 1987. resolved with the improved automatic integrators that are com-

(20W Shaver, B., David Taylor Research and Development Center. mercially available today.
Annapolis. MD. Private Communication.

(21) Sink. C. W.; Hardy, D. R.; Hszlet, R. N. Naval Research Labo- Included in Table I are the CH2:CH 3 protcn ratios obtained
ratory Memorandum Report 5497. Part 2: NRL: Washington, DC, Dec from the proton NMR data. This is a semiempirical ratio and
1984 was included as a means of fractionating the percent total saturates
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Table II. Cetane Indices Values and Predictabilitiesa of regression analysis of cetane number vs the pertinent parameters
Worldwide Survey II Fuels examined.

cetane index value Published Cetane Indices. 1. Calculated Cetane Index
(CCI) by a Four-Variable Equation. ASTM D4737-876 (re-

compn anal. placement of D976-80):
trial cetane

cetane ASTM ASTM index CCI = 45.2 + (0.0892(TlON)) + [(0.131 + 0.901B)(T50N)] +
fuel ID6 no. D4737-87 D976-80 SwRI R2 = 0.692) [(0.0523 - 0.420B)(T90N)] + [0.00049((TION) 2 -

A. 27 Samples of Commercial Marine Gas Oil (Ranked in Order of (TON)2)] + 107B + 60.0B 2

Measured Cetane Number)
C-M-21 64.4 68.2 OP 62.9 P 69.2 OP 62.6 P where D = density at 15 °C in g/r1L, B = exp(-3.50(DN))-l, DN
C-M-45 59.5 59.3 P 56.3 UP 62.3 OP 59.0 P = D - 0.850, TION = T10 - 215, T50N f T50 - 260, and T90N
C-M-26 59.0 56.6 UP 54.1 UP 57.0 P 54.0 UP = T90 - 310. T10, T50, and T90 refer to the distillation tern-
C-M-37 (A) 56.7 55.9 P 53.2 UP 60.3 OP 58.5 P peratures in *C of 10, 50, and 90% recovered distillate, respec-
C-M-30 (A) 56.6 56.2 P 53.4 UP 58.6 P 57.9 P tively.
C-M-28 55.9 55.8 P 54.8 P 57.3 P 56.0 P 2. Calculated Cetane Index (CCI) of Distillate Fuels.
C-M-18 55.1 54.1 P 54.4 P 56.0 P 52.7 UP ASTM D976-80:'
C.M-11 53.3 52.0 P 49.4 UP 55.5 OP 53.1 P
C-M-42 53.0 54.3 P 52.5 P 57.3 OP 53.8 P CCI = 454.74 - 1641.416D + 774.74D2 - 0.554(T50) +
C-M-19 52.3 55.4 OP 51.9 P 54.9 OP 52.6 P 97.803(log T50)2

C-M-34 52.0 52.9 P 51.3 P 54.5 OP 48.6 UP
C-M.24 51.8 52.1 P 51.7 P 53.7 P 52.5 P where D = density at 15 °C in g/mL and T50 = distillation
C-M-33 51.8 47.7 UP 46.8 UP 52.5 P 50.2 P temperature in 0C of 50% recovered distillate.
C-M-20 (B) 51.0 52.6 P 52.2 P 53.4 OP 50.7 P 3. Southwest Research Institute (SwRI) Cetane Index.'s

C-M-17 (C) 50.9 51.0 P 51.0 P 50.2 P 49.2 P PCN = 9.49 - 0.0298DHHcH3 + 0.0896DlHcH2 +
C-M-48 50.8 53.5 OP 53.5 OP 54.0 OP 52.4 P
C-M-39 (B) 50.4 52.1 P 51.9 P 53.7 OP 52.4 P 0.000097DHS 2 - 0.038DHH.
C-M-43 49.8 49.4 P 49.9 P 47.0 UP 47.8 P where PCN predicted cetane number, H = wt % hydrogen
C-M-29 49.7 51.4 P 50.5 P 52.3 OP 52.4 OP content, D f density, HcH = % methyl protons of the total
C-M49 49.7 54.8 OP 52.7 OP 51.9 OP 49.9 P number of protons, Hc = % methylene protons of the total
C-M-38 (C) 49.3 51.0 P 50.9 P 50.6 P 49.4 P2C-M-23 48.6 52.50 P 52.9 P 52.6 P 50.9P number of protons, S = sum of % (methyl, methylene, and

methine) protons, and H. = % a protons (protons immediately
C-M-14 47.5 47.4 P 48.4 P 48.5 P 50.1 OP adjacent to Pun aromatic ring).
C-M-13 47.1 50.1 P 47.4 P 48.9 p 47.6 P Becuse of its simplicity, the SwRI index was selected over other
C-M-36 45.5 48.2 OP 47.2 P 44.4 P 47.3 P indices that are based on a similar carbon/hydrogen type dis-
C-M-25 45.3 43.1 UP 44.2 P 45.0 P 48.9 OP tribution and also exhibited good correlations with cetane number.

For example, the best equation proposed by Gulder and Gia-
B. 22 Samples of Naval Distillate Fuel and 4 Samples of Commercial vincevski 7 involves 14 coefficients as opposed to 4 for the SwRI
Heavy Marine Gas Oil (for Same Fuel Class, Fuels Ranked in Order index.

of Measured Cetane Number) Parameters. Those parameters employed in the formulation
N-F-72 56.3 55.4 P 53.5 UP 55.3 P 53.3 UP
N-F-65 54.0 53.7 P 52.3 P 51.9 UP 50.6 UP of the published indices were determined by the National Institute
N-F-71 53.9 54.6 P 53.5 P 55.6 P 53.3 P of Petroleum and Energy (NIPER). These include 10, 50, and

N-F-53 53.9 5.8 P 50.8 UP 51.3 UP 51.0 UP 90% distillation temperatures, density, and wt % hydrogen.
N-F-73 53.2 53.8 P 52.2 P 55.5 OP 54.2 P Cetane number measurements were determined by Phillips Pe-
N-F-63 53.1 52.2 P 52.3 P 55.1 P 53.8 P troleum Co. These data were obtained through private com-

munication.' A summary of the analytical results obtained on
N-F-43 53.0 52.0 P 51.6 P 52.8 P 51.8 P characterization of the worldwide survey fuels has been published
N-F-66 52.7 55.1 OP 54.3 P 54.4 P 52.2 P by Shaver et a.19
N-F-59 52.1 53.3 P 53.0 P 51.7 P 49.5 UP
N-F-61 52.0 53.4 P 52.8 P 53.5 P 52.6 P Trial Correlation Based on Compositional Analysis. This

involved HPLC analysis by which percent total saturates. mo-
N-F-64 51.9 52.9 P 52.7 P 53.4 P 51.4 P nocyclic and dicyclic aromatics were determined. Also, proton
N-F.56 51.8 53.7 P 53.5 P 53.2 P 48.9 UP NMR analysis from which the previously determined percent total
N-F-81 51.6 51.7 P 51.3 P 51.7 P 51.5 P saturates was subdivided into percent straight- and branched-

chain saturates. This fractionation of the percent total saturates
N-F-77 51.0 51.4 P 51.7 P 50.8 P 49.8 P was based on the ratio of CH2 to CH3 proton types, since these
N-F-52 50.6 52.3 P 51.7 P 52.5 P 50.8 P proton types are representative of straight-chain and branched-
N-F-82 50.3 51.2 P 50.3 P 48.8 P 49.6 P chain saturates, respectively.12 Formulation of this trial index

for the 53 fuel set is as follows. Equation obtained on regression
N-F-79 50.0 54.3 OP 53.3 OP 54.4 OP 51.7 P analysis (R2 = 0.692):
N-F-74 49.6 50.3 P 49.8 P 51.9 OP 50.4 P
N-F-54 49.5 51.1 P 50.6 P 51.2 P 50.1 P CI = 49.321 + 0.568(% straight-chain saturates) -
N.F-78 48.6 52.3 OP 51.4 OP 50.7 OP 49.9 P 0.600(% branched-chain saturates) - 0.317(% monocyclic
C-H-23 55.6 59.2 OP 54.6 P 57.7 OP 53.0 UP aromatics) - 0.582(% dicyclic aromatics)
C-H-30 49.6 53.8 OP 52.7 OP 57.7 OP 55.2 OP
C-H-21 48.7 48.7 P 47.1 P 51.0 OP 494 P Standard error of the cetane number estimate was 2.11.
C-H-36 43.1 49.6 OP 44.8 P 45.0 P 46.6 OP

I Based on the criteria imposed: P - prediction: OP - c.verpredic. Results and Discussion
tion; UP = underprediction, 'Samples with identical letters in par- Cetane index values of the three published indices and
enthuse are identical. Key: N - Navy; F - F-76 (Naval distillate the trial index, based on their respective parameters, are
fuel); C - commercial marine gas oil; H - hesvy marine gas oil. given in Table II. Included in this table are the predict-

abilities of the various cetane indices for the fuels exam-
into percent straight- and percent branched-chain saturates.

Cetane Indices. The indices that were evaluated included ined. Predictability of the indices was based on the fol-
three published cetane indices and the trial cetane index. Their lowing adopted criteria: Cetane indices whose predictive
formulations are given below. Lotus 1-2-3 was employed in de- ranges (i.e., cetane index minus cetane number) were
velopment of the new/trial cetane index. Thus the trial cetane within *2 cetane numbers were designated as being pre-
index was based on the equation obtained on multiple linear dictive of cetane number: those whose predictive ranges
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Table IlL. Determination of Percent Predictability of Cetane 65

Indices of Worldwide Survey II Fuels
% predictability for specific predictive ranges a 60

for 53 fuels :
SwRI compn anal. . •

predictive range ASTM ASTM cetane trial cetane I 5-ees Li
(CI - CN)" D4737-87 D976-80 index index R2 - 0.691 Regr.s.•ni2

predictions within o50 R o 092

0 to +1.0 22.6 20.8 7.5 28.3
-0.1 to -1.0 20.8 20.8 11.3 17.0 45
+1.1 to +2.0 20.8 17.0 28.3 15.1
-1.1 to -2.0 3.8 11.3 5.7 11.3
tot. 0 to *2.0 67.9 69.8 52.8 71.7 40

overpredictiona 40 42 44 46 48 50 52 54 56 58 60 62 64

within Meare cortes Number
+2.1 to +3.0 9.4 7.5 24.5 5.7 Figure 1. Predicted vs measured cetane number based on
+3.1 to +4.0 9.4 5.7 9.4 3.8 HPLC/proton NMR analysis for 53 fuels.
+4.1 to +5.0 3.8 1.9 5.7 0.0
>+5.0 3.8 0.0 1.9 1.9
tot. +2.1 to >+5.0 26.4 15.1 41.5 11.3 estimate the ratio of straight-to branched-chain compo-

underpredictions sition of the accurately determined percent saturates
within greatly improved the R 2 value from 0.24 to 0.69 for the 53
-2.1 to -3.0 3.8 1.9 5.7 11.3 fuels examined. The semiempirical ratio probably worked
-3.1 to -4.0 0.0 9.4 0.0 3.8
-4.1 to -5.0 1.9 3.8 0.0 1.9 so well because the sum of the percent CH 2 and CH 3 NMR
<-5.0 0.0 0.0 0.0 0.0 integrals was in good agreement with the percent total
tot. -2.1 to <-5.0 5.7 15.1 5.7 17.0 saturates determined by HPLC, to a first approximation.
* Cetane index - cetane number. For example, on comparison of the data, approximately

90% of the fuels exhibited an agreement within 0-6%
were +2.1 to >+5.0 were designated as overpredictive, and between the total percent saturates and the total percent
those whose predictive ranges were -2.1 to <-5.0 were CH 2 and CH 3 NMR integrals. The ratio of straight- to
designated as underpredictive. branched-chain saturates as factored by using proton NMR

On the basis of their frequency of predictions, over/ analysis should be verified by using the urea extraction
underpredictions, the percent predictabilities of the various method, for example.
indices for specific predictive ranges were then determined Furthermore, sulfur-, nitrogen-, and oxygen-containing
(see Table I1). Table IV gives the percent prediction, compounds in fuels can significantly affect cetane num-
overprediction, and underprediction of the three published ber.' Consequently, consideration should oe given to their
indices and the trial index, along with their corresponding content in fuels as well as to the olefin and naphthenic
R 2 values. The indices were ranked primarily on their content, when a definitive cetane index is formulated on
percent predictions and secondarily on their tendency not the basis of compositional analysis. Nevertheless, despite
to overpredict, since overpredictions can pose a problem this trial index being a preliminary formulation, it is in-
to the consumer but underpredictions will not. Note, dicative of the promising predictability of a cetane index
although R2 values are the conventional method of evalu- based on a very simple fuel compositional analysis.
ating cetane indices, the indices were not ranked on their The disparity between high R 2 value and poor predict-
R2 values since evaluations based solely on such values can ability as exhibited by the SwRI cetane index (see Table
be misleading. IV) is indicative of the limitation of evaluations based

On the basis of high percent prediction and low percent solely on regression analysis. Also, the tendency of ASTM
overprediction coupled with high R2 values, for the fuel D4747-87 to overpredict has been observed with other fuel
set examined, the trial index based on compositional sets examined by us.
analysis appears to be a better predictor of cetane number
than ASTM D4737-87, the new calculated cetane index, Conclusions
and slightly better than ASTM D976-80 (see Table IV). A trial index based on compositional analysis involving
Correlation of the trial index with cetane number is shown percent straight-chain and branched-chain saturates, as
graphically in the plot of predicted cetane number vs well as percent monocyclic and dicycic aromatics, appears
measured cetane number for the trial index (see Figure 1). promising. particularly from the viewpoint of high percent

This trial index based on compositional analysis is to prediction and low percent overprediction. In the estab-
be regarded as a preliminary formulation. Regression lishment of a definitive cetane index based on composi-
analysis of a fuel set that is larger and comprises fuels of tional analysis, the following needs to be addressed: (1)
more diverse composition is necessary before a definitive fuel sets containing a larger number of fuels with more
formulation can be derived. The use of proton NMR to diverse composition; (2) analysis of the heteroatom content

Table IV. Evaluation of Cetane Indices of Worldwide Survey II Fuels (Indices Ranked Primarily on High Percent
Predictions and Secondarily on Tendency Not to Overpredict)

mess of % predictabilitve R2 values
over- under- for 53

cetane index parameters predict predict predict fuels'
trial: based on compn anal. % branched- and straight-chain saturates and 72 11 17 0.692

monocyclic and dicycic aromatics
ASTM D 976-80 T50, density 70 15 15 0.664
ASTM D4737-87 (replacement of D976-80) T10. T50. T90, density 68 26 6 0.715
Snuthwest Research Inst. proton type, density, % hydrogen 53 41 6 0.775

"'he 53 fuels include 27 MG0s. 22 F-76a, and 4 HMGOs.



312

of the fuels as well as the percent olefins and naphthenics; Acknowledgment. We gratefully acknowledge funding
(3) verification of the differentiation of the total percent support of this work from the Office of Naval Research.
saturates into percent straight-chain and branched-chain We also thank B. D. Shaver (David Taylor Research and
saturates obtained from proton NMR analysis by using Development Center, Annapolis, MD) for providing the
other analytical techniques including 13C high-resolution documented data on the fuels and B. K. Bailey (Southwest
NMR performed on the saturate fraction isolated during Research Institute, San Antonio, TX) for providing the
the HPLC analysis. NMR spectra.

I
I
I
I
I
I



GENERAL PAPERS (POSTER SESSI0N1
PRESENTED BEFORE THE DIVISION OF PETROLEUM CHEMISTRY. INC.

AMERICAN CI*FMICAL SOCIETY
NUAMI BEACH MEETING. SEPTEMSER 10 - IS. 1989

A RIGOROUS AND PRACTICAL EVALUATION OF PUBLISHED CETANE INDICES

By

S. G. Pond*
GEO-Centers. Inc. . Fort Washington. Maryland 20744

and
D. R. Hardy

Naval Research Laboratory. Code 6180. Washington. D. C. 20375-5000

INTRODUCTION

Cetane number is an important index for characterizing the ignition quality of disel fues.
The standard method for determining comage number io an engine test. ASTM D613. However. for
convenience purposes. moot refineries rely instead on the ASTA approved alternativ method -
the Calculated Cetane Index. which Is a predicive equation of cetane number. Continuing revision
of the Calculated Cetane index reflects the need for a reliable predictor of cetae number. Revision.
include A~M: D97"-6. D976-80, and D6737-87 - the proposd ASTM replacement equation of
D976-80. In addition. other coaes indices have boen pr psed to address problems asseociated with
ASTM D9t6-60, such am. over/under-prtedictighility and Limitations in Itsm applicability.

In thin study, a rigorous and practical evaluation of six important published coesn indices
wasn performed. Since cotane indices are predictive equations of comas number. the approach em-
ployed warn as fallows: 1) determine their degree of predictabilils bamed on the uigorous and prac-
deal criteria adopted by usn (1) In a previous evaluaion of a trial cables indent buased on composlidoosaz
anlysis: said 2) use a fuel set gliet: a) s not employ'ed In deriving the coas indices formulation
and b) contained fuels with a wide rage of cause numbers. The world-wide survey fuels employed
mee theme requiremenms for five of the six comae indices ievaluated. The R

2 values obtained on
regression analysisn of coas Index vs. cetane numiber wore also determined on well am the car-
responding standsd error of the Y estimate.

The evaluton performed In tis snty given an independent arssssment for five of the asi
csmnsm Indices exminsd. noe exception refers to the modified CCAI equation which was derived
from the fuel set employed In thin study. This warn necessary because the CCAI equation requires
a carrectioe factor in order to be a meaniu predictor of cemne, number. Despite this require-
ment. we Included it in our saday because if the simplicity of the measnurementa employed and hene
its possible application for emrigency refueling onbhoard ship. Compared with the calculated cotani
indices. the CCAI equation in apparently also applicable to a wider range of fuels including residual
fuels.

EXPERIMENTAL

Fuel Setsn
The fuel mot comprisned 76 fuels takes from a world-wide survey involving 43 countries. For

quality anslysla/qumlity control prposes. the fuel sat comprisned a few fuels that were duplicates or
triphlcatme. Classification of these fuels were so follows: al 36 samples of commercial marine gas
oil (MGOQ with cotone numbers ranging from approximately 37 to 64; bi 28 samples of Naval Distil-
late Fuel (F-76) with, cetan. numbers ranging from approximately 48 to 56: c) 6 sample. of com-
mercial heavy marine pms oil (HMGO'i with ctane numblers ranging from approximately 43 to 56.
and d) 6 samples of commercial marine diesel fuel I MDF1 with cetane numbers rangisig from 44 to 60L

Measurement of Fuel Properties
Cetane number messurements were deterrined by Phillips Petroleum Co Other properties

employed in the determination of the retnue indices were measured by the National Institute of
Petroleum anti Energy. (NIPERt. Uldahomali The viscosity measurementse at 50'C required by
the CCAI equation were not available and were determined graphically by plotting the viscosity values
at 40* and 100'C. which were available. an ASTNI Viscosity/ Temperature Chart paper.

Cetane Indices
Those evaluated include the following 6 cetane indices



1. ASThI 04737-87 - the proposed ASTM replace6me Of AST38 D91-80-
2. ASTM D976-60 - a current calculated CeOMI Index. 07-0
3. Ethyl squetIoG (2) - an Improvement eatimon of ASTh 96-9
4. NailomI ReemRtch CoeMail Of Canadas (NRCC' coual I'den (3) - this was "eP". ~ a slguift
cant Improvemnt over eisngr indices.a n5 . Canadian, Geeal Sandrd@ Board (CC31) casto lI'd- (4) - thin was fO~ to Predict samoa'
number better tha AS7M D976-60 andea we eputm to be applicable to dieel fuals ootaining syn-
thetic dlmlilates as well an conventioal petroleuam dtiUlAlee.
6. A modifled Calculated Carbom Aromlicity Ideax (CCAI) obtained 00 rgreealm ""cYale Of
CCAI valuee vs. comes number for the correepobelag 76 fbals employed. A correlion between
CCAI ad Ignitom delay for pearoleoa dislaines cad teidol &,eWe has bese repoted by Zeeiaberg
at al. (3). Haweyer. theme authors did am report (5) the CCAI formulation. The CCAI Is based oo
two smple measuhements.* viz. viscoeity and density - both at which are epeciflcatica requirements
on fuel procurmenot In counitut. the Calculated Ceone lIndicee are besed a. distllation tempera-
turem. which is not a specification reqeireme. and an density. The formulatin for the CCAZ
equation examined wan obtained via private comomuiaum (6) and is given below,

CCA1 -0D- 61 - 141 laglglY + 0. 85)

wheom: D Is the Density tn mg/I at IWC. and V to the kinemstic viscoeity to c~t at $SVC.
The aboe" equation appears to be a simplified versual o the CCAI formulation cited by

David and Danhem (7).

£walionl of Cetene Indicec
The calm todlcee we"e comiparatively evaluated baeb on the %-predicability method

peviously adapled by to (1) and Is described below for conveniene. The cowyentceel method of
evalation was also employed. This n cldee Ilmear reqressto aabyeie to determine the correla-
line at fit beeen cetee ladem and etus asher for the (male exmied 1.e. . the fl2 values: and
the tadmad arror al the Y etmate - both thane statistical functions were determined by standard
aalysis of verb=*o.

EvlulamMthod Baced an f-Predicembilfl
Then sethod Mr both a quiltelve and questoe nneasonl of cebace Indices. To

qaitfltraly sem the cemme Ibelmee. thei preove !ag q'PM. for tbefooaemiumboed. were
firt ebrtai. bernP * eeneladn lemCel Number frdmt feL Predlotabtifty was

thea determined beued n th following crrlat PR villa +/- 2 oefn. nmers were defiead
prdFon R greatsr them +2 nton mebere dee as overpredicilcee. and PR Was them

-2 caes numers. as andeprodisdos.
no cboe criterim were. based aneth reprodoabbeift Mst bm llored by ACME D6U3 for de-

tarmbeang soeme number which are 2.S to 3.3 for cents ma rage. 40 as 36. -eeve-dvely.
These libete were iaterpreted as being !L- 1. 3 to 1. for temm assue meber tene. Cone.-
qmaby. the oritorl far prediotlhe bdf */- 2 causeew my be coniered so be both
gigar and practical. [nadditio. by defining me erlterin for predieftehi t is way. -ullil
or aeaged asue nmber deleritahe for am&b ba eulie a"e commmmay.

bead on th qualitative cessmet eo Ihe ae. Iereb pedlftueue al the cemne
eewere them determineed frosm their freqency of pre- -1m. aerpeudkbe. and underpre-

dtcan. for the bmal eato memd. Floally. for eaclnadn of the seme laicee heeed on percen
pr - it. the Inibece we"e nold In ordes of bee ID won@e primarily a ther S-predletioas
cadanearUy. as thair tedency et to overpedit. Thes order was adopted for do following

reno~: A evaluating the, pedletaiflty of cens Iebe. it In ob Ao-a that firsa NOig percn
pdibato destrahle and second. overpredictloo will pow a problem to the conumer. but under-

peeicMe will mt.ie~. the beet Indicee should tr7 to mlamice both over- and uinder- pro-
dictums.

RESULTS AND DISCIMON

Summarized In Table I are the foLlowitag results for the farniexamined: the percent-
predictions. overpredctiee. and tabeerpredlicoc al the wax~r centain Indices; their respective
R2 

valuee on regreeciom conlystnofa coes index we. cstaae number for the 76 fuel eet: ad their
corre pondig stndard error*(f the Saedmate. The peremetere for each led= are also given.
Based an the aoted evaluation method, for the eame fuel et, the folloing wore obeerved: The
indices which reltd higheet Inin e alaibn inclbee the ABTh DWTl-SO and the modified CCAI
equetioe - both these Indicee exhibited aimlic, predictahbiltee. Formu~laion for the modified
CCAI equatioe to Included in the footmotee al Table L. However. except lor the Ethyl equation. in
genemal. the Indic"e examined exhibited fairly similar percent predictions (62 to ta8s; also. their
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standard errors of the Y estimate were simr (approximately 3). In addition. the Rt2 values of ail
the Indfices were similar (approximately 0. 7).

Nevertheless, differences among the Indic" appear to be in their percent- overpredlctions
and underpredictions. Indices which exhibited a tendency to overpredict include the Etyl squation
(67%) and to a Ieer extent. the ASTM D4737-87 (29%. A slImr tendency of ASTM D4737-67 to
over predct (259. was also observed for the 63 fuel Beg. which comprised only those tua15 dot were
within the recommended mage of application specified by this index: (ms Table I). Indies which
exhibited a tendencry to uodrpredict Imnde the CGBB J25%) and NRCC (28%. Both these Indices
employ the same aix parameters In their formulations. but desmite the more complex eqation at
the NR1CC index. it exhibited similar prediclabii~tls as the CGSB catu. index.

CONCLUIMONS AND RECOMMENDATIONS

Based onk the fuel. et examined and the rigorous and practical evaluation method employed.
ASTIM D4737-87 dome not appear to be a better predictor of cetsm nuimber then ASTU D976-60,
the index It Is intended to replace. Indices Ihet exhibited a tendency to overpredict Include the Ethyl
equation and to a lesser extent, the ASTU D4?37-8?. In view of ASTM D6737- ST being the ASTh
proposed replacement of ASTM D976-80. such a tendency to overpredict should be monitored In
future evaluatione by using fuel sets such as the one employed in this study via, fuel sete which do
not comprise fuels used In deriving Its formulation.

The toodifted CCAI equation appears to be a similar predictor of cetena mamr as ABTh
D976-80. The promising predltbllty of the modified CCAI equation coupled with the two simple
measurements required for the CCAI determination indicate that a new modified CCAl equation.
based on a larger fuel met which comprised fuals of more diverse molecular composition would be
particularly useful in cases of -tmergency re-fueling including combat scenaios.

Cetane Indice" which exhibited a tendncy to under pi ct include the CGOR cetane Index
and the NRCC cetane index. Despite the complexity of the NRCC index. it exhibited similar pro-
dictabilities as the COBB Index.

Use of the predictability method of evaluation was particularly edvanbngeous in Identifying
the tendency of an Ind=x to ovarpredict or underpredict. This is important since such information
is not obtaload from to conventional method at evaluation Involving Rt2 values and the standard
error of the Y estimate calculated by standard analysis of variatice.
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Six published cetane indices were comparatively evaluated using a per cent predictability method, which
was both rigorous and practical. The conventional linear regression analysis method was also employed.
The indices evaluated included ASTM D976-80, ASTM D4737-87 (the proposed replacement of ASTM
D976-80), the National Research Council of Canada (NRCC) cetane index, the Canadian General Standards
Board cetane index (CGSB), the Calculated Carbon Aromaticity Index (CCAI), and the Ethyl equation.
The fuel set, which was obtained from a worldwide survey, comprised 63 fuels and included only those
fuels that met the application range specified by ASTM D4737-87 (the index which was most restrictive
towards fuel properties). Cetane numbers of the fuels ranged from ;45 to 57, with one fuel having a cetane
number of 37. For the fuel set examined, based on the criteria imposed for determining predictability, the
following were observed: ASTM D4737-87 exhibited a tendency to overpredict and did not appear to be
an improvement over ASTM D976-80; both the NRCC and the CGSB cetane indices exhibited a tendency
to underpredict; and a modified CCAI equation appeared promising as a predictor of cetane number.

(Keywords: diesel; fuel; cetae number)

Cetane number is important for characterizing the index versus cetane number were also determined, as well
ignition quality of diesel fuels. The standard method for as the corresponding standard error of the Y estimate.
determining cetane number is an engine test, ASTM The evaluation performed in this study gives an
D613. Howe /er, for purposes of convenience, most independent assessment for five of the six cetane indices
refineries rely instead on the ASTM approved alternative examined. The exception is the modified CCAI equation,
method - the calculated cetane index, which is a which was derived from the fuel set employed in this
'non-engine' predictive equation of cetane number. The study. This was necessary because the CCAI equation
need for greater accuracy in predicting cetane number requires a correction factor to be a meaningful predictor
has led to two revisions of the original calculated cetane of cetane number. Despite this requirement, it was
index, ASTM D976-66. The revisions are ASTM included in this study because of the simplicity of the
D976-80, and ASTM D4737-87 (the proposed replace- measurements employed and hence its possible application
ment equation of D976-80). In addition, other cetane for emergency re-fueling onboard ship. Compared with
indices have been proposed to address problems the calculated cetane indices, the CCAI equation is
associated with ASTM D976-80, such as over/under- apparently also applicable to a wider range of fuels:
predictability and limitations in its applicability, residual fuels for which it was developed3 as well as
Continuing revision of the calculated cetane index is distillate fuels.
likely indicative of fuel coiositional changes such as
changes in crudes' composition and/or changes in
refinery operations. Thus, there is need for a reliable
predictor of cetane number.

In this study, six important published cetane indices EXPERIMENTAL
were evaluated using a percentage predictability method
that was both rigorous and practical. Since cetane indices Fuel sets
are predictive equations of cetane number, the approach The fuel set comprised 63 fuels taken from a worldwide
employed was as follows: survey involving 37 countries. For quality analysisquality
1. Determine their degrees of predictability, based on the control purposes, the fuel set comprised a few fuels that

rigorous and practical criteria adopted" ' in previous were duplicates or triplicates. Classification of these fuels
evaluations of cetane indices, was as follows: 29 samples of commercial marine gas oil

2. Use a fuel set that: was not employed in deriving the (MGO) with cetane numbers ranging from z45 to 57
cetane indices formulations: and comprised fuels that with one fuel having a cetane number of 37: 28 samples
met the application range specified by ASTM of Naval Distillate Fuel (NATO F-76 type) with cetane
D4737-87 (the most restrictive of the six cetane indices numbers ranging from z48 to 56: 3 samples of
towards fuel properties). commercial heavy marine gas oil (HMGO) with cetane
The worldwide survey fuels employed met these numbers ranging from :48 to 50: and 3 samples of

requirements for five of the six cetane indices evaluated, commercial marine diesel fuel IMDF) with cetane
The R, values obtained on regression analysis of cetane numbers ranging from :48 to 52.

0016-2361 90/040437-06
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A practical evaluation of published cetane indices.- S. G. Pande and D. R. Hardy

Measurement of fuel properties PR greater than + 2 cetane numbers as overpredictions,
Cetane number measurements were determined by and PR less than - 2 cetane numbers as underpredictions.

Phillips Petroleum Co. Other properties employed in the The above criteria were based on the reproducibility
determination of the cetane indices were measured by limits allowed by ASTM D613 for determining cetane
the National Institute of Petroleum and Energy (NIPER, number, which are 2.5-3.3 for the cetane number range
Oklahoma). The viscosity measurements at 50'C 40-56. These limits were interpreted as being ± 1.3-1.7
required by the CCAI equation were not available, and for the same cetane number range. Consequently, the
were determined graphically by plotting the viscosity criteria for predictions being ± 2 cetane numbers may be
values at 40'C and 100°C (which were available) on considered to be both rigorous and practical. in addition,
ASTM viscosity/temperature chart paper. by defining the criteria for predictability in this way,

multiple or averaged cetane nurnber determinations for
Cetane indices each fuel evaluated are unnecessary.

The following six cetane indices were evaluated: Based on the qualitative assessment described above.
1. ASTM D4737-87 - the proposed ASTM replacement per cent predictabilities of the cetane indices were then

for ASTM D976-80; determined from their frequency of predictions, over-
2. ASTM D976-80 - a current calculated cetane index; predictions, and underpredictions, for the fuel sets
3. Ethyl equation' - an improved version of ASTM examined. Finally, for evaluation of the cetane indices

D976-80; based on per cent predictability, the indices were ranked
4. National Research Council of Canada (NRCC) cetane in order of best to worst, first on their percentage

index5 , which was reported to be a significant predictions, and then on their tendency not to
improvement over existing indices; overpredict. This order was adopted because in

5. Canadian General Standards Board (CGSB) cetane evaluating the predictability of cetane indices, it is
index6 , which was found to predict cetane number obvious that: first, a high per cent prediction is desirable:
better than ASTM D976-80 and was reported to be and second, overpredictions will pose a problem to the
applicable to diesel fuels containing synthetic consumer, but underpredictions will not. Ideally, the best
distillates as well as conventional petroleum distillates; indices should try to minimize both over- and

6. A modified calculated carbon aromaticity index underpredictions.
(CCAI) obtained on regression analysis of CCAI
values versus cetane number for a 76 fuel set2 .

A correlation between CCAI and ignition delay for RESULTS AND DISCUSSION
petroleum distillates and residual fuels has been reported Cetane index values for the indices examined are given
by Zeelenberg et al.3. The CCAI is based on two simple in Table 1. The fuels were ranked in order of their
measurements, namely viscosity and density, both of measured cetane numbers. Table I also includes the
which are specification requirements on fuel procurement. predictabilities of the cetane indices for the fuels employed
In contrast, the calculated cetane indices are based on (predictability being based on the criteria described

distillation temperature, which is not a specification earlier). The per cent predictability of the six cetane
requirement, and on density. The formulation for the indices for specific predictive ranges are given in Table 2.
CCAI equation examined is given below: Summarized in Table 3 are the following results for the

CCAI = D- 81 - 141 log log (Vk + 0.85) fuels employed: the per cent predictions, overpredictions.
and underpredictions of the various cetane indices: their

where D is the density (kg M-3) at 15°C, and V is the respective R2 values on regression analysis of cetane index
kinematic viscosity (mm2 s-') at 500C. This equation versus cetane number for the 63 fuel set: and their
appears to be a simplified version of the CCAI corresponding standard error of the Y estimate. The
formulation cited by David and Denham .  parameters for each index are also given.

Based on the adopted evaluation method, for the same
Evaluation of cetane indices fuel set, the following observations were made: the indices

The cetane indices were comparatively evaluated based that ranked highest in this evaluation included the
on the percentage predictability method adopted modified CCAI equation and ASTM D976-80 - both
previously', which is described below for convenience, these indices exhibited 6imilar predictabilities. Formu-
The conventional method of evaluation was also lation for the modified CCAI equation is included in the
employed. This includes linear regression analysis to footnotes of Tables 1-3. However, except for the Ethyl
determine the correlation of fit between cetane index and equation, the indices examined generally exhibited fairly
cetane number for the fuels examined, i.e. the R2 values, similar per cent predictions (65-73%) and similar
and the standard error of the Y estimate. Both these standard errors of the Yestimate (; 4). The R ,values
statistical functions were determined by standard analysis of all the indices were also similar (:- 0.6).
of variance. Nevertheless, differences among the indices appear to

be in their per cent overpredictions and underpredictions.
Evaluation method based on percentage predictabilit' Indices that exhibit a tendency to overpredict include

This method offers both a qualitative and quantitative the Ethyl equation (70%,0) and. to a lesser extent. ASTM
assessment of cetane indices. To qualitatively assess the D4737-87 (25%). Indices that exhibit a similar tendency
ctane indices, their predictive ranges (PR) for the fuels to underpredict include CGSB and NRCC )z25%.
examined were determined, where PR =ctane index Both these indices employ the same six parameters in
minus cetane number for that fuel. Predictability was their formulations, but despite the more complex
then determined based on the following criteria: PR equation of the NRCC index, it exhibits predictabilities
within - 2 cetane numbers were defined as predictions: similar to the CGSB cetane index. The predictabilities of
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Table I Cetane indices values and predictabilities' of worldwide survey fuels

Cetane no. ASTM ASTM NRCC CGSB Modified'

Fuel ID' ASTM D613 D4737-87 D976-80 Ethyl eqn. cetane index cetane index CCAI eqn.

C-M-37 (A) 56.7 55.9 P 53.2 UP 56.8 P 54.2 UP 54.9 P 53.0 UP

C-M-30 (A) 56.6 56.2 P 53.4 UP 57.0 P 53.6 UP 53.9 UP 53.1 UP

N-F-72 56.3 55.4 P 53.5 UP 57.2 P 53.1 UP 52.7 UP 53.8 UP

C-M-28 55.9 55.8 P 54.8 P 59.2 OP 53.2 UP 53.2 UP 54.8 P

C-M-18 55.1 54.1 P 54.4 P 58.6 OP 52.0 UP 53.7 P 53.7 P

N-F-86 (B) 54.2 55.1 P 54.2 P 58.3 OP 52.3 P 52.4 P 52.4 P

N-F-55 54.0 53.7 P 52.3 P 55.3 P 53.0 P 52.6 P 53.0 P

N-F-53 53.9 52.8 P 50.8 UP 53.1 P 51.9 P 50.4 UP 50.9 UP

N-F-71 53.9 54.6 P 53.5 P 57.1 OP 52.8 P 52.4 P 53.4 P

C-M-11 53.3 52.0 P .49.4 UP 50.9 UP 51.9 P 50.1 UP 49.7 UP

N-F-73 53.2 53.8 P 52.2 P 55.2 P 52.9 P 51.7 P 52.3 P

N-F-63 53.1 52.2 P 52.3 P 55.3 OP 49.7 UP A98 UP 51.8 P

C-M-42 53.0 54.3 P 52.5 P 55.7 OP 52.9 P 52.3 P 51.4 P

N-F-83 53.0 52.0 P 51.6 P 54.2 P 50.2 UP 49.8 UP 51.3 P

N-F-66 (B) 52.7 55.1 OP 54.3 P 58.5 OP 52.3 P 52.5 P 53.9 P

C-M-19 52.3 55.4 OP 51.9 P 54.7 OP 53.7 P 51.1 P 52.1 P

N-F-59 52.1 53.3 P 53.0 P 56.4 OP 52.1 P 51.6 P 54.1 P

N-F-61 52.0 53.4 P 52.8 P 56.1 OP 49.6 UP 49.6 UP 52.2 P

C-M-34 52.0 52.9 P 51.3 P 53.8 P 50.6 P 51.6 P 51.0 P

N-F-64 51.9 52.9 P 52.7 P 55.9 OP 50.7 P 51.4 P 52.9 P

C-D-33 51.9 52.4 P 52.7 P 56.0 OP 49.8 UP 49.9 P 52.1 P

N-F-56 51.8 53.7 P 53.5 P 57.1 OP 50.5 P 51.2 P 52.8 P

C-M-33 51.8 47.7 UP 46.8 UP 47.1 UP 45.8 UP 46.3 UP 52.7 P

C-M-24 (C) 51.8 52.1 P 51.7 P 54.5 OP 48.6 UP 48.5 UP 50.8 P

P-W-6 (D) 51.7 51.0 P 50.9 P 53.1 P 48.7 UP 48.7 UP 51.2 P

N-F-57 51.6 51.8 P 52.0 P 54.9 OP 48.7 UP 48.8 UP 51.1 P

P-W-4 51.6 56.7 OP 53.8 OP 57.7 OP 56.1 OP 53.2 P 53.9 OP

NF-81 51.6 51.7 P 51.3 P 53.8 OP 49.7 P 49.9 P 51.4 P

P.W-7 (E) 51.2 51.0 P 51.1 P 53.5 OP 49.3 P 49,6 P 51.9 P

C-M.20 (F) 51.0 52.6 P 52.2 P 55.1 OP 49.8 P 50.0 P 51.9 P

N-F-77 51.0 51.4 P 51.7 P 54.4 OP 48.1 UP 48.5 UP 51.7 P

C-M-17 (D) 50.9 51.0 P 51.0 P 53.3 OP 48.7 UP 48.7 UP 51.1 P

N-F-52 50.8 53.3 OP 53.0 OP 56.4 OP 49.7 P 49.7 P 52.6 P

C-M-48 50.8 53.5 OP 53.5 OP 57.3 OP 49.9 P 50.8 P 52.4 P

N-F-80 (E) 50.6 52.3 P 51.7 P 54.4 OP 50.0 P 49.7 P 52.2 P

N-F-85 (E) 50.6 52.0 P 51.4 P 53.9 OP 49.9 P 49.7 P 52.1 P

C-M-39 (F) 50.4 52.1 P 51.9 P 54.7 OP 48.7 P 48.8 P 51.8 P

N-F-82 50.3 51.2 P 50.3 P 52.2 P 49.9 P 49.4 P 50.0 P

C-H-87 50.2 54.6 OP 54.7 OP 59.1 OP 51.5 P 51.4 P 53.1 OP

C-D-23 50.1 53.9 OP 51.3 P 53.9 OP 52.6 OP 52.2 OP 53.7 OP

N-F-79 50.0 54.3 OP 53.3 OP 56.9 OP 51.2 P 50.8 P 52.7 OP

C-M-47 49.9 52.4 OP 51.6 P 54.3 OP 50.5 P 50.1 P 50.5 P

C-M-43 (G) 49.8 49.4 P 49.9 P 51.7 P 47.8 P 49.9 P 48.6 P

C-M-29 49.7 51.4 P 50.5 P 52.6 OP 50.2 P 50.6 P 51.0 P

C-M-49 49.7 54.8 OP 52.7 OP 56.0 OP 51.1 P 49.4 P 52.3 OP

N-F-74 (H) 49.6 50.3 P 49.8 P 51.5 P 54.6 OP 56.1 OP 50.0 P

P-W-5 (1) 49.6 50.7 P 50.6 P 52.7 OP 49.5 P 49.5 P 50.7 P

P-W.1 (C) 49.6 52.1 OP 51.8 OP 54.6 OP 48.5 P 48.4 P 50.8 P

N-F-54 (1) 49.5 51.1 P 50.6 P 52.8 OP 49.4 P 49.3 P 50.5 P

N-F-84 (H; 49.4 50.5 P 50.0 P 51.9 OP 53.7 OP 54.8 OP 50.1 P

C-M-38 (D) 49.3 51.0 P 50.9 P 53.1 OP 48.6 P 48.6 P 51.1 P

C-M-87 49.3 50.1 P 49.7 P 51.4 OP 48.6 P 47.4 P 49.9 P

C-H-21 (J) 48.7 48.7 P 47.1 P 47.6 P 47.5 P 48.5 P 46.8 P

N-F-78 (K) 48.6 52.3 OP 51.4 OP 53.9 OP 50.8 OP 50.4 P 51.3 OP

C-M-23 48.6 52.5 OP 52.9 OP 56.3 OP 49.4 P 49.9 P 52.3 OP

P-W-8 (Gi 48.5 49.7 P 50.0 P 51.9 OP 47.8 P 497 P 48- P
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Table I Conid.

Cetane no. ASTM ASTM NRCC CGSB Modified'
Fuel ID' ASTM D613 D4737-87 D976-80 Ethyl eqn. cetane index cetane index CCAI eqn.

P-W-3 (K) 48.2 52.5 OP 51.5 OP 54.1 OP 51.0 OP 50.5 OP 51.2 OP

C-D-12 48.0 43.' UP 44.2 UP 43.6 UP 42.1 UP 42.2 UP 42.3 UP

P-W-2 (J) 47.9 49.2 P 47.3 P 47.9 P 48.3 P 49.5 P 47.0 P

C-M-13 47.1 50.1 OP 50.4 OP 52.4 OP 46.2 P 46.0 P 49.8 OP

C-M-36 45.5 48.2 OP 47.2 P 47.8 OP 46.3 P 47.1 P 47.6 OP

C-M-25 45.3 43.1 UP 44.2 P 43.5 P 45.3 P 46.9 P 42.1 UP

C-M-89 37.0 37.4 P 38.7 P 36.4 P 36.2 P 35.6 P 38.5 P

I Based on the criteria imposed: P = prediction; OP = overprediction; UP = underprediction
b Samples with the same letters in parentheses are identical: C = commercial; M = marine gas oil: N = navy; F = F-76 (naval distillate fuel); H = heavy
marine gas oil; D =marine diesel fuel
'Modified CCAI eqn. = - (0.3656 x CCAI)+ 345.0875 (this regression equation was derived from a 76 fuel set)

Table 2 Determination of percentage predictability of cetane indices (worldwide survey II fuels)

Predictability (%) for specific predictive ranges (for 63 fuels)

Predictive range' ASTM ASTM NRCC CGSB Modified'
(CI-CN) D4737-87 D976-80 oetane index etane index Ethyl eqn. CCAI eqn.

Predictions within:
0 -1.0 25.4 25.4 11.1 7.9 6.3 23.8

-(0.1-1.0) 17.5 19.0 23.8 23.8 3.2 17.5
1.1-2.0 23.8 19.0 6.3 12.7 12.7 19.0

-(1.1-2.0) 3.2 7.9 23.8 25.4 3.2 12.7
Total: ±(0-2.0) 69.9 71.3 65.0 69.8 25.4 73.0

Overpredictions within:
2.1-3.0 11.1 9.5 4.8 3.2 17.5 12.7
3.1-4.0 6.3 4.8 0.0 0.0 20.6 3.2
4.1-5.0 4.8 3.2 4.8 0.0 12.7 0.0

> 5.0 3.2 0.0 0.0 3.2 19.0 0.0
Total: (2.1- > 5.0) 25.4 17.5 9.6 6.4 69.8 15.9

Underpredictions within:
-(2.1-3.0) 1.6 1.6 15.9 11.1 1.6 3.2
-(3.1-4.0) 0.0 7.9 6.3 9.5 0.0 6.3
-(4.1-5.0) 3.2 1.6 0.0 0.0 3.2 0.0
- (> 5.0) 0.0 0.0 3.2 3.2 0.0 1.6
Total: -(2.1->5.0) 4.8 11.1 25.4 23.8 4.8 11.1

•Cetane index-cetane number
'Modified CCAI = - (0.3656 x CCAI) + 345.0875

Table 3 Evaluation of etane indices: ranked on predictability for 63 worldwide survey marine fuels,

Predictability (%) Standard
error of the

Cetane index Parameters Predict Overpredict Underpredict R2 values Yest.

Modified CCAI eqn.' Density, viscosity 73 16 11 0.601 3.9

ASTM D976-80 T.., density 71 18 11 0.579 3.9

Canadian General Standards Board (CGSB) T1o, Tso, T9o, density 70 6 24 0.551 4.3
aniline point, viscosity

ASTM D4737-87 (replacement of D976-80) T,, Tso, T., density 70 25 5 0.649 4.1

National Research Council of Canada (NRCC) T1o, T50, T90, density 65 10 25 0.572 4.3
aniline point, viscosity

Ethyl equation T,,, density 25 70 5 0.572 5 7

'The 63 fuel set includes only those fuels that meet the application range specified by this index and comprise: 29 MGOs. 28 F-76s. 3 HMGOs.
and 3 MDFs
'Modified CCAI eqn.= -(0.3656xCCAI)+345.0875: where CCAI=D-81 -141 loglog ivisc-0.851. D=density i . g I-- at 15'C. and

visc= kinematic viscosity (cSt) at 50'C
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Table 4 Repeatability of cetane numbers and cetane indices (worldwide survey fuels)

Repeatability

Cetane no. Cetane no. ASTM ASTM NRCC CGSB Modified
Fuel 11' ASTM D613 ASTM D613 D4737-87 D976-80 Ethyl eqn. cetane index cetane index CCAI eqn.

C-M-37 (A) 56.7 0.1 0.3 0.2 0.2 0.6 1.0 0.1
C-M-30 1A)
N-F-86 (B) 54.2 1.5 0.0 0.1 0.2 0.0 0.1 1.5
N-F-66 (B)

C-M-24 (C) 51.8 2.2 0.0 0.1 0.1 0.A 0.1 0.0
P-W-I (C)
P-W-6 (D) 51.7 2.4 0.0 0.1 0.2 0.1 0.1 0.1
C-M-17 (D)
C-M-38 (D)
P-W.7 (E) 51.2 0.6 1.3 0.6 0.9 0.7 0.1 0.3
N-F-80 (E)
N-F-85 (E)
C-M-20 (F) 51.0 0.6 0.5 0.3 0.4 1.1 1.2 0.1
C-M-39 (F)

C-M-43 (G) 49.8 1.3 0.3 0.1 0.2 0.0 0.2 0.1
P-W-8 (G)
N-F-74 (H) 49.6 0.2 0.2 0.2 0.4 0.9 1.3 0.1
N-F-84 (H)
P-W-5 (I) 49.6 0.1 0.4 0.0 0.1 0.1 0.2 0.2
N-F-54 (I)
C-H-21 (J) 48.7 0.8 0.5 0.2 0.3 0.8 1.0 0.2
P-W-2 (J)
N-F-78 (K) 48.6 0.4 0.2 0.1 0.2 0.2 0.1 0.1
P-W-3 (K)

I Fuels with the same letter in parentheses are identical

the six indices for the 63 fuel set, a subset of a 76 fuel fuels that met the application range specified by ASTM
set 2, are similar to the results obtained for the 76 fuel D4737-87 (the most restrictive property equation), the
set. The 76 fuel set included 13 fuels that were not within following observations were made: ASTM D4737-87
the application range specified by ASTM D4737-87, i.e. does not appear to be a better predictor of cetane number
they either exceeded the fuel properties or the cetane than ASTM D976-80, the index it is currently intended
number specification ranges. to replace as an ASTM standard. Indices that exhibit a

tendency to overpredict include the Ethyl equation and,
Repeatability to a lesser extent, ASTM D4737-87. In view of ASTM

Cetane numbers. Of the eleven fuels examined in D4737-87 being the proposed replacement of ASTM
duplicate or in triplicate, the repeatabilities of seven fuels D976-80, such a tendency to overpredict should be
were within I cetane number; two fuels were within 1.5 monitored in future evaluations by using fuel sets such
cetane numbers: and the remaining two fuels were within as the one employed in this study, i.e. fuel sets that do
2.5 cetane numbers (see Table 4). Although four of the not comprise fuels used in deriving the formulation.
eleven fuels exceeded the repeatability limits for ASTM The modified CCAI equation appears to predict similar
D613 (which are 0.6-0.9 for cetane number range 40-56), cetane numbers as ASTM D976-80. The promising
the average repeatability for the I 1 sets of replicate fuels predictability of the modified CCAI equation, coupled
was 0.9. Nevertheless, the poor repeatability of the ASTM with the two simple measurements required for the CCAI
D613 method poses an identical problem for all determination, indicate that a new modified CCAI
evaluations of cetane indices and emphasizes the need equation. based on a larger fuel set comprising fuels of
for an improved method of determining cetane number, more diverse molecular composition, would be particu-
especially since ASTM D613 is the reference method for larly useful in cases of emergency re-fueling, including
evaluating cetane indices, possible military applications.

Cetane indices which exhibit a tendency to urlerpredict
Cetane indices. For most indices repeatability was very include the CGSB cetane index and the NRCC cetane

good. with differences ranging from 0 to 0.5 cetane index. Despite the complexity of the o4KCC index. the
number. Differences of > I were observed more for those predictabilities exhibited were similar to those exhibited
indices that employed aniline point in their formulations, by the CGSB index.
namely the NRCC and CGSB cetane indices (see Use of the predictability method of evaluation was
Table 4). The average repeatability of the indices ranged particularly advantageous in differentiating those cetane
from l0.2 to 0.." cetane number. indices that tended to overpredict from those that tended

to underpredict. This is important since such information
is not obtained from the conventional method of

CONCLUSIONS evaluation involving R2 values and the standard error of
Based on the rigorous and practical method of evaluation the Y estimate calculated by standard analysis of
employed, and for the fuel set examined, which comprised variance.
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Determination of Corrosion Inhibitor/Lubricity Additives
in Middle Distillate Fuels by
Size Exclusion Chromatography
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Margaret A. Wechter, Southeastern Massachusetts University

Dennis R. Hardy, Naval Research Laboratory

This paper describes the improvements in our previously
published method for qualitatively and quantitatively determining
commercial corrosion inhibitors in aircraft turbine fuels.
Improvements include a significant scale down of the initial fuel
volume and extractant volumes. Also discussed will be a method of
external standard calibration using pure components. The results
for the actual concentration of active ingredients in ten
commercial corrosion inhibitors will be presented. In addition, the
possibility of using the technique to assess the lubricity of
aircraft turbine fuels by measuring the amount of high molecular
weight base extractables will be discussed. The final analysis is
achieved by high resolution size exclusion chromatography and
quantitation at the 2 ppm (w/w) level is possible.



ABSTRACT
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Analysis of Corrosion Inhibitor Depletion in
Fuel Handling and Storage Systems

Bruce H. Black, GEO-Centers, Inc.
Margaret A. Wechter, Southeastern Massachusetts University

Dennis R. Hardy, Naval Research Laboratory

A series of experiments were performed to elucidate physical
and chemical characteristics of high molecular weight dicarboxylic
acid corrosion inhibitor/lubricity enhancers. Topics to be
discussed will include the effect of different surfaces on the
adsorption of the dimer acid as well as the effect the dimer acid
has on the coalescence of water from middle distillate jet fuels.
Fuel samples were analyzed using a modified version of a previously
developed method for determining corrosion inhibitor concentration.
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SUMMARY

Improvements in techniques for the qualitative and quantitative determination
of commercial corrosion inhibitorilubricity enhancer additives which contain linoleic
acid derivatives are described. These include a procedural modification to use 100-,
rather than 250-ml volumes of sample and extractant, and an external calibration
using known pure compounds. Quantitative results for concentrations of active in-
gredients in six commercial corrosion inhibitors are given. The extraction technique
has also been used as a possible compositional assessment of the lubricity of jet fuels
by quantification of the higher-molecular-weight acidic components via high-reso-
lution size-exclusion chromatography. Quantification of the corrosion inhibitor ad-
ditive is possible at levels as low as 2 ppm (v/v) in jet fuel.

INTRODUCTION

An analytical scheme to efficiently extract and quantify the active ingredients
of corrosion inhibitor additives by size exclusion chromatography has been pre-
viously described'. The method was shown to be useful in the concentration range
between I and 35 ppm (v/v). This includes the concentration range of interest for
U.S. military jet fuels in which these additives are mandatory for lubriciy improve-
ment'. This work describes significant improvement in the extraction step and in the
quantification of the fatty acid dimer ingredients of these additives.

Fuel lubricity is known to vary from fuel to fue - '. It appears likely that lu-
bncity enhancement is a function of composition and may be specificaily related to
the concentration of base extractables of sufficiently high molecular weight. The lu-
bricity of distillate fuels is generally defined in the U.S. as the resistance to wear scar
on a ball in contact with a rotating cylinder which is partially immersed in a particular
fuel 3 . Although still in its development, the ball on cylinder lubricity evaluator

00211-9673188/S03.50 C 1988 E]sevier Science Publishers B.V
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CB('[-[-) deice has been sho, n to be useful in diagnosing field problems. In prac-

tice. it is used to rank fuels by means ol a wear scar diameter measurement varving
between 0.25 and 0.80 mm. The mandatory corrosion inhibitor additives have been
shown to be quite influential In improving the lubncity of a particular fuel (lowering
its wear scar diameter measurement). Since the extraction technique employed in
removing the corrosion inhibitor additives was highly efficient and quantitative, the
technique was tried on corrosion inhibitor-free fuels of known lubricity (as measured
by the BOCLE) to investigate whether there might be a connection between fuel
composition and the measured lubricity.

An additional application of the method was the quantitative deitermination

of the active ingredient. the fatty acid dimer. in each corrosion inhibitc This infor-
mation may be useful in future lubricity testing in setting limits for addition of these
materials as lubricity enhancers in jet fuels.

EXPERIMENTAL

Equipment
Samples were analyzed on a Beckman-Altex Microspherogel column Model

255-80 (50 A pore size. 30 cm x 8.0 mm I.D.). Fisher HPLC-grade uninhibited
tetrahydrofuran (THF) was used as the mobile phase. The THF was periodically
sparged with dry nitrogen. Peak integration was performed on a Hewlett-Packard
Model 3390-A integrator. Samples were injected into a Rheodyne Model 7125 loop/
valve injector. A Beckman Model 100-A HPLC pump was used for solvent delivery
and a Waters Model 401 differential refractometer for detection.

Method

Fuel samples are prepared for analysis by extraction with 0.2 M aqueous so-
dium hydroxide. For determination of additive concentration as low as I ppm (v/v)
of active ingredient, equal volumes of fuel and aqueous base are used. The minimum
volume of fuel necessary is 100 ml. The two phases are shaken well together for I
min. After the two phases have been allowed to separate, the aqueous phase is re-
covered and acidified with concentrated hydrochloric acid to pH 2. The acidified
aqueous phase is then back-extracted with an equal volume of methylene chloride
which is recovered and allowed to evaporate to dryness at ambient temperature. The

material left in the beaker after evaporation is collected by thoroughly rinsing the
beaker with small portions of THF and allowing it to collect in the corner of the
beaker. It is finally taken up in 2.0 ml of THF and transferred to a glass vial with a
PTFE-lined cap. Using these volumes, additive recovery is 94 + 1% based on rep-
licate analyses of fuel samples spiked with known additive concentrations in the range
of interest. Additive recovery of 100% is possible if volumes are increased by 50/.

The analytical method was applied to include JP-5 jet fuel field samples. For

those samples which were found to contain a fatty acid dimer of molecular weight
562 (dilinoleic acid. DLA) as active ingredient. quantification was based on com-
parison with standard solutions of EMPOL 1010, a product which contains approx-
imately 97% DLA and 1-3% of the monomer and trimer acids8 .

Further. six additives from the corrosion inhibitor qualified products list9 were
analyzed to determine their DLA concentration by comparison with EMPOL 1010

I
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Samples of each additive and EMPOL 1010 were prepared in THIF to concentrations
.f 2500 ppm iv,v). Duplicate injections of the additive samples and triplicate injec-

ions of the EMPOL standard were made. Peak height compansons. which have been
tound to yield satisfactory results in related experiments, were made using the HP.-,-90-A integrator".

The EMPOL comparator method was used to determine the concentration of
the DLA rather than the total additive in extracted fuel samples. Samples extracted
irom fuels were compared with a standard curve generated from EMPOL 1010 sam-
pies for a working range of I to 10 ppm of DLA concentration. Thus. by comparing
chromatograms of DLA obtained from fuel samples with those obtained from
EMPOL 1010 standards. it is possible to quantify the DLA concentration. All
EMPOL data were based on a DLA concentration of 97%.

Our analytical technique was also applied to a series of eight additive-free U.S.
Navy JP-5 fuels. Comparisons were made between chromatograms obtained for the
base extractables of the various additive-free fuels by size-exclusion chromatography.
and their respective BOCLE measurements. The BOCLE -results were provided by
the Naval Air Propusion Center (NAPC). Trenton. NJ. U.S.A. and were obtained
using the accepted method developed for this test J .

RESULTS AND DISCUSSION

Quantification of" DLA
Nine approved military specification corrosion inhibitors were used in this

study and are coded A-J in Table i. The molecular weights of the active ingredient.
or dimer acid. for these additives were determined by size-exclusion chromatography.
Additives A-F were found to contain a substance whose molecular weight was 561
± 13. This corresponds very closely with the molecular weight of DLA which is 562.
Additives G and J contain an active ingredient with a condiderably lower (430) mo-
lecular weight. while additive H contains a substance whose molecular weight was
substantially higher (678) than the others.

TABLE I

DLA CONCENTRATION IN APPROVED MILITARY SPECIFICATION CORROSION INHIBI-
TORS

N.D. - not determined: different composition.

Corrosion inhibitor additive Percent DLA in additive

A 54
B 52
C 40
D 38
E 42
F 62

G N.D.
H N.D.
I N.D.
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Dimer concentrations for those idditives whose highest-molecular-weight

component corresponds well with the DLA in EMPOL 1010 are also summanzed in

Table 1. The range ofDLA present varies from 62% (wv) to 38% (Wv). Since indi-
vidual additives cannot be identified once they are extracted from fuel'. quantifica-
tion as ppm tv,v) of corrosion inhibitor additive concentration is not possible without
the use of a comparator standard of similar composition. However. any additive
which contains DLA or other dimer acid with a similar molecular weight can be
quantified on the basis o" the dimer acid concentration versus the EMPOL standard
curve I Fig. 1).

In a similar fashion. it is possible to provide quantitative information on the
level of corrosion inhibitor present in a fuel without knowing which additive was
used. For those additives which contain active substances of much lower or higher
molecular weight (G-J. Table 1). quantification could be done by using, as a com-
parator standard. one of the additives which contains a similar substance. Since the
number of corrosion inhibitor additives in. this category is small when compared to

the other group IA-F. Table 1). this shouldyield satisfactory results.

Fig. 2 shows a size-exclusion chromatogram obtained for a JP-5 sample ob-
tained from a fuel tank at the Patuxent River (MD. U.S.A.) Naval Air Station and

is known to contain corrosion inhibitor. This experiment was performed prior to the

procedural change and thus a 250-mi volume of the sample was used. It was extracted.
concentrated. and an aliquot was injected onto the size-exclusion column follow-

ing the method described previously'. The peak height comparison with the EMPOL
standard curve yielded a concentration of 1.9 ppm (v/v) of DLA. Depending on
which was used. the concentration of corrosion inhibitor expressed as total additive

14

13

12

11I 10-
N 9

I-

I U7

4 c "-2 PP-"

3

2 _3-_ _ PPM

so ISO 250 350 450 550

CONCENTRATION OLA (pu)

Fig. 1. DLA (EMPOL 1010) standard curve. The astesks denote the effective onceimtrtion in fuel before
extraction.
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IFig. 2.exusnchromatogram of a Naval Air Station JPS sample from tank storage. The marked

peak is actve ingredient DLA. The minimum concentration determined from the extcmaJ calbraton
graph and the active ingdien list was 4.8 ppm 1wiv).

I
would vary between 3.1 and 5.0 ppm (v/v). Other samples run during the course of
this study yielded comparable results.

LubricitY studies
A series of eight additive-free JP-5 type jet fuels was extracted and analyzed

by size-exclusion chromatography following our usual procedure. Samples of each
were sent to NAPC for lubricity evaluation using the BOCLE. Fig. 3 and 4 show
size-exclusion chromatograms for the eight fuels. The higher-molecular-weight region
of interest as seen on the chromatogram is the area with a retention volume between
6.0 mi and 7.5 ml. We focused attention particularly on the peak which is well defined
on several of the chromatograms and is centered near 7.0 mi. This corresponds to a
molecular weight of approximately 280. The height of this peak or deviation from
baseline at 7.0 mi was measured for each fuel chromatogram and is reported, together
with the corresponding BOCLE results, in Table II.

Companson of the chromatographic and BOCLE results are quite interesting.
Those fuels (Nos. 1. 2. 3. 4) which have substantial, well-defined chromatographic
peaks at 7.0 ml have lower wear scar diameters and, hence, greater lubricity than do
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FUEL 5 FUEL 6

I

T=0 7Ml T=O 7m1

INJ. MW- 280 INJ. MW-2600

FUEL 8

FUEL 
7

I 4 4-4
T=0 7 MA

T=G 7u4 INJ. MW-210
INJ. MW -250

Fig. 3. Size-exclusion chromatograws of base eWtractables of low-lubricity (additive-free) fuels.

TABLE II

SUMMARY OF PEAK HEIGHT AND BOCLE DATA FOR LUBRICITY STUDIES

JP-5 Juel Peak height at 7 ml imm BOCLE (Wear Scar Diameter. mm i

I > 200 0.23
4 59 0.28

3 27 0.27

2 25 0.26I82
8 20.41
7 14 0.36

6 4 0.35

I 5 3 0.34
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FUEL 1 FUEL 2I
I

r=o 7 T=O 7mi
INJ. MW - 280 INJ. MW - 280

I FUEL 3 FUEL 4

I

,

T=0 7 int T=O 7 Ml
Ni. MW- 260 INJ. MW- 2S0

Fig 4. Size-exclusion chromatogranis of base extractabies of high-lubncty (additive-free) fuels.

the others (Nos. 5. 6. 7. 8). The "break" in BOCLE results exhibited between the
two groups of fuels is significant as is the difference in chromatographic data. While
the peak we use as an indicator has not yet been identified, its apparent molecular
weight (280) is the molecular weight range of linoleic acid. Since high-molecular-
weight acids are known to increase fuel lubricity3 , we suggest that it is likely that the
chromatographic peak corresponds to an acid or acids.

ICONCLUSIONS
I A method for quantifying corrosion inhibitor additive levels in Navy jet fuels
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I has been modified to enable the conc&Utration of DLA to be determined regardles;
atf which additive is present. The method was applied to field samples obtained front
the Patuxent River Naval Air Station.I Results obtained trom extracted samples of a series of additive-free JP-5 typt
fuels. which were subsequently analyzed by size-exclusion chromatography, wert
compared with BOCLE results. Higher lubricity fuels, as measured by the BOCLEI contained acidic components in the molecular 'weight range of linoleic acid. ThesL
results are very encouraging and indicate that chemical separation and chromato-I graphy may be useful in future lubricity testing.
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Due to more severe refining processes of less desirable
feedstocks, the lubricity properties of jet fuel products have
decreased. As a result, it is mandatory that a lubricity
enhancer/corrosion inhibitor is added to all U.S. military jet
fuels to assure adequate lubricity. While this additive is
effective in increasing lubricity, it is expensive and decreases
the ability to coalesce water from fuel. The naturally occurring
components in fuel which have been shown to impart lubricity are of
interest to us. Analyses of fuels by high resolution size exclusion
chromatography indicate that high molecular weight acidic species
play a significant role in increasing lubricity. In addition, high
molecular weight acidic species were doped into low lubricity fuels
and a corresponding increase in lubricity was measured using the
Ball on Cylinder Lubricity Evaluator (BOCLE).I
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Determination and Use of lFithermal Adsorption Constants of Jet Fuel
Lubricity Enhancer Additives

Bruce H. Black, Dennis R. Hardy,* and Margaret A. Wechterl
Code 6180, Naval Research Laboratory, Washington, DC 20375-5000

In order to assess the hypothesis of adsorptive loss of surface-active carboxylic acid lubricity enhancer
additives from jet fuel, adsorption constants for a variety of materials were determined. These
materials included 70:30 copper/nickel alloy, cold-rolled steel, zinc-plated steel, and glass. Care was
taken to determine the adsorption at additive concentrations below 4 ppm (%/v) and surface area
to volume ratios of 0.1-0.001 cm - 1. Given the worst case surface area to volume ratio for a typical
fuel pipeline, approximately 0.4 cw-1, a fuel with a lubricity additive concentration of 9 ppm would
lose less then 3% by adsorption on pipeline walls.

At present, a lubricity enhancer additive la required in et aL, 1987; Vere, 1969; Moses et al., 1984; Petrarca, 1974;
U.S. military jet fuel (JP-4 and JP-5). The required con- Goodger and Vere, 1985; Grabel, 1977).
centration range is between 9 and 22.5 ppm (QPL-25017- A number of problems associated with the use of low-
14, 1984). This additive was previously used to decrease iubricity fuels have occurred in the past 20 years. Aircraft
corrosion to fuel-handling and -storage systems (Goodger components which derive lubrication from fuel have been
and Vere, 1985). The additive is effective as a corrosion' experiencing increased wear and mechanical failure. Since
inhibitor due to its surface-active nature, usually imparted this additive is surface active and also contains a long
by an organic acid or alcoholamine. The acid forms a hydrocarbon chain structure, it was serendipitously found
monolayer boundary which hinders surface atteck by to impart increased lubricity to fuels that had been severely
dissolved oxygen and free water. processed in order to improve thermal stability. In early

This additive's current important use is to increase the 1966, the Air Force designated corrosion inhibitor as a
lubricity of low-lubricity jet fuel (Vere, 1969; Moses et al., mandatory additive in JP-4 and, hence, JP-5 as a lubricity
1984; Petrarca, 1974; Hillman et al., 1977; Grabel, 1977; enhancer.
Masters et aL, 1987). Qualitatively, lubricity is defined as More recent fuel lubricity problems have been experi-
the relative abilities of two fluids, which have the same enced by military aircraft (Biddle et al., 1987; Moses et al.,
viscosity, to resist wear and friction (Moses et al., 1984; 1984; Grabel, 1977). These recent fuel lubricity related
Goodger and Vere, 1985). Lubricity is recognized as one problems are believed to be a result of lubricity additive
of the most critical properties degraded by refining pro- loss from fuel. It has been postulated that corrosion in-
cesses such as hydrotreatment and clay treatment. These hibitor, added as a fuel lubricant at the refinery, may be
processes effectively remove the trace polar compounds depleted from the fuel during storage and handling by
that naturally impart lubricity (Biddle et aL, 1987; Masters adsorption. Once below a critical minimum, the additive

would be unable to achieve its intended purpose.
Author to whom correspondence should be addressed. In the late 1970s, a series of experiments were performed

'Present address: Department of Chemistry., Southeastern in the United Kingdom to measure the adsorption of theMassachusetts University, North Dartmouth. MA 02747. active ingredient in most lubricity enhancer additives
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R pendent. The use of steel wool, however, provided only
a crude control of surface area, and the surface area to

(R A volume ratio was also much higher than field conditions.
This paper investigates the adsorption of DLA onto

various materials where surface area is more accurately
R'" R measured. The surface area to model fuel volume is closer

to what would be encountered in actual field operations.
R R' The materiais chosen are commonly found in field and

laboratory operations and included 70:30 copper/nickel
WHERE R=4CH 2 ), CH3 alloy, cold-rolled steel, zinc-plated steel, and glass. Tie

R =4CH2 )COOH adsorption experiments were carried out using a model fuel
R1f-CH 2 CH - CH(CH 2 )4 CH3  prepared in the laboratory which simula -ed JP-5. Polar
R=4CH2',COOH compounds, which would interfere with an&ysis or actually

.ompete with DLA for adsorption, were excluded by silica
Figure 1. 1,4-Cycloaddition (Diels-Alder) reaction for the formation gel washing.
of dilinoleic acid.

Experimental Section
(Dacre et al., 1977, 1979; Dacre and Wheeler, 1980; Wheeler Reagents. HPLC-grade uninhibited tetrahydrofuran
and Dacre, 1980). This compound is an organic acid with (THF) and HPI '-grade methylene cnloride were obtained
a molecular weight of 562. It is prepared by a 1,4-cyclo- from Fisher Scientific. The model JP-5 fuel was prepared
addition (Diels-Alder) reaction of two linoleic acid mole- using technical grade (99.7% purity) n-dodecane obtained
cules. The product is a monocyclic compound with a from Phillips 66 Co. Other constituents of the model fuel
molecular weight twice that of linoleic acid and, hence, is were obtained from Fisher Scientific. These compounds
given the name dilinoleic acid (DLA). It possesses two included indan, decaiin, tert-butylbenzene, and cyclo-
carboxylic acid groups which are believed to be the points hexylbenzene. Dilinoleic acid (DLA), 97% purity, was
of attachment to active surface sites. Figure 1 is an ex- obtained from Emery Chemical, Division of National
ample of a typical 1,4-cycloadition reaction for the for- Distiller (trade name EMPOL 1010).
mation of one possible isomer of DLA. Equipment and Materials. Samples were analyzed by

The adsorption of linoleic acid and trilinoleic acid using a Beckman-Altex Microspherogel high-resolution,
(TLA), both of which may be present in some lubricity size exclusion column, Model 255-80 (50-A pore size, 30-cm
euhaicer additives, was also investigated. TLA, which is X 8.0-mm i.d.). Uninhibited THF was used as the mobile
also a product of the Diels-Alder reaction, may possess phase. The THF was periodically sparged with dry ni-
either a partially unsaturated fused dicyclic ring structure trogen to inhibit formation of hazardous peroxides. The
or two isolated partially unsaturated cyclohexyl rings. It injector was a Rheodyne Model 7125. A Beckman Model
has a molecular weight approximatly 3 times that of lin- 100-A HPLC pump was used for solvent delivery and a
oleic acid. Waters Model 401 differential refractometer for detection.

Their investigation attempted to simulate the environ- Peak integration or height measurements were performed
ment of high-temperature fuel pumps in aircraft. Metal by a Hewlett-Packard Model 3390-A integrator. The
disks and powder of the materials found in fuel pumps following materials were used for adsorptive surfaces: (1)
were used as adsorption surfaces. n-Dodecane was chosen steel, 304-0 steel, mild, SAE 1010 coid rolled; (2) cop-
as a model fuel for adsorption studies. The work was per/nickel alloy, 304-I cupro-nickel 70/30, MIL-C-12726D,
carried out in a high surface area to model fuel volume composition 70-30, (3) zinc, 304-OZn steel, SAE 1010 cold
regime. This results in greater loss of additive per unit rolled, zinc plated, QQ-Z-325. These materials were ob-
volume of model fuel and is not representative of actual tained from The Metaspec Co., San Antonio, TX. Each
conditions encountered. had a 280-grit surface finish and were received as small

Carbon-14-labeled linoleic acid was used to synthesize metal coupons measuring approximately 7.6 cm x 1.3 cm
DLA and TLA. For experiments using powders, adsorp- X 0.15 cm. An additional material studied was borosilicate
tion was measured as a decrease in additive concentration glass. For this experiment, Fisher Finest microscope slides
in n-dodecane by a liquid scintillation method. Adsorption were obtained from Fisher Scientific.
of linoleic acid and its derivatives onto disks was deter- Method. The model fuel was prepared in a 5-gal, ep-
mined directly by an end-window Geiger counter on the oxy-lined can. A substantial quantity of 35-60-mesh-grade
disks. silica gel was added to the model fuel prior to the addition

The results of that work showed DLA to have the of DLA to remove polar compounds. These compounds
highest affinity for the materials studied. This is due to can interfere with the chromatographic analysis as well as
the two carboxylic acid groups on the molecule which are compete with the additive for surface adsorption. The final
believed to be the points of attachment. While TLA composition of the model fuel was determined by gas
possesses three carboxylic acid groups, steric hindrance chromatographic analysis. The results of the analysis are
between molecules is believed to decrease surface ad- found in Table I.
sorption. The adsorption experiments were carried out in 1-gal,

More recently, others have measured the depletion of epoxy-lined steel containers with a contact suiface area
DLA from a representative fuel by using base extraction of approximately 900 cm2. Before beginning adsorptio-
and a_-alysis by high-resolution size exclusion chroma- studier for the materials of interest, it was necessary t,
tography (Black, 1986; Wechter, 1986; Hardy et al., 1986; determine the effect of the epoxy surface on DLA deple-
Black et al., 1988). Varying masses and, hence, varying tion. To accomplish this, a 2500-mL volume of model fuel,
surface areas of stainless steel wool were used as an ad- to which approximately 4 ppm of DLA had been freshly
sorption surface. The estimated surfa .e area to volume added, was placed in the container. A 100-mL aliquot of
ratio was approximaeiy 2.5 cm - l. The equilibration of model fuel was immediately removed and extracted to
DLA between fuel and metal surfaces was found to be very determine the initial DLA concentration. Earlier exper-
rapid. Adsorption was also found to be surface area de- iments have shown the standard error of a single deter-
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Table I. Results of Gas Chromatographic Analysis of The volume of model fuel removed and analyzed for the
Model JP-5 Jet Fuel container study was replenished to 2500 mL. A small

component vol % amount of DLA was dissolved in the model fuel to readjust

dodecane 72.6 the concentration to approximately 3-4 ppm. A 100-mL
indan 2.7 aliquot was then removed and analyzed to determine the
decalin 13.2 initial concentration. The 20 copper/nickel strips were
tert.butylbenzene 4.6 immersed in the model fuel for 5 min. The strips were
cyclohexylbenzene 6.9 then removed from the model fuel and rinsed with acetone.
total 100.0 They were subsequently cleaned by the same modified

ASTM method described above.
A 100-mL aliquot of model fuel was removed after the

3rd, 6th, 14th, and 20th immersions for additive analysis.
A linear decrease in concentration of DLA in the model
fuel was observed as surface area increased.

The second material studied was zinc-plated steel.
Twenty strips, each measuring approximately 22.5 cm2 ,
were suspended from wooden dowels as before. These
strips were cleaned by a similar method as the copper/
nickel alloy. The acid rinse, however, was not used due
to the reaction of concentrated HCI with zinc. The strips
were rinsed thoroughly with acetone and allowed to dry.
They were then immersed for 5 min in a 0.2 M solution
of NaOH. After removal from the NaOH solution, the

T=0 5.85 mL strips were thoroughly rinsed with distilled water followed
INJ. by acetone and allowed to dry.

The volume of model fuel removed and analyzed for the
copper/nickel alloy studies was replenished. The con-
centration of DLA was adjusted to approximately 4 ppm.
A 100-mL aliquot was removed and analyzed to determine
the initial concentration. The strips were immersed in the
model fuel for 5 min. After the first immersion, a 100-mL

Figure 2. Representative chromatogram of 2.4 ppm dilinoleic acid aliquot was removed and analyzed for DLA concentration.
extracted from model JP-5 jet fueL Additional aliquots were removed and analyzed after the

7th, 14th, and 20th immersions.
mination to be approximately 8%. For cold-rolled steel, the cleaning procedure was the

Figure 2 is a representative chromatogram of DLA ex- same as for zinc-plated steel. Aliquots were removed for
tracted from the model fuel DLA has a molecular weight analysis before immersion of strips and after the 7th, 14th,
of 562 and is the first component to elute. Its elution and 20th immersions.
volume is approximately 5.85 mnL. This peak is well re- For borosilicate glass, the surface area for each slide was
solved from lower molecular weight peaks. These lower approximately 40.5 cm 2. Twenty slides were cleaned by
molecular weight peaks were not extracted from the model using the same modified ASTM method used for cop-
fuel but are artifacts of the mobile phase and detector. per/nickel alloy. Aliquots were removed for analysis after

Additional 100-mL aliquots were also removed and an- the 3rd, 6th. and 10th immersions.
alyzed at I h, 1 day, 1 week, and 2 weeks. No appreciable
decrease in additive concentration was measured after 1 Results and Discussion
h; hence, adsorption of DLA onto the epoxy surface was For each of the materials studied, there was a decrease
neglected for the remaining experiments, in additive concentration with increasing surface area. as

In actual field operations, a wide range of surface area expected. The additive concentration in the model fuel
to volume ratios are encountered. These values range from was determined by comparison with a standard curve,
approximately 0.001 cm -1 for a 100000-oarrel fuel storage where peak height was plotted against the concentration
tank to 0.25 cm-' for a 100-mile pipeline of approximately of a series of prepared standards. The concentration range
6-in. diameter. In the laboratory, increasing surface area of the DLA (97%) standards was between 0 and 10 ppm.

to volume ratios can be simulated by repetitive immersions For each material studied, the concentration of depleted
of a material of interest into real or model jet fuel. Be- DLA was plotted against the corresponding surface area
tween each immersion, the material being studied is to volume ratio. Table II lists the R 2 correlation coeffi-thoroughly cleaned to remove adsorbed additive. cient, slope, and intercept of linear least-squares analyses

The first material studied was 70:30 copper/nickel, for each material. The concentrations of DLA listed in
Twenty strips, each measuring approximately 22.5 cm 2, Table II were calculated from the least-squares linear fit
were suspended from wooden dowels by using size F, 4-ply for equations for each material. At a particular surfacepolyester thread. The strips were thoroughly cleaned by area to volume ratio for a given material, the concentration
using a modified ASTM procedure (ASTM Committee G1, of DLA can be determined by the equation. The narrow
1981). The strips were first immersed in a 50% solution range of differences in the initial concentration was ne-
of concentrated HCI and water. After 5 min, the strips glected in the calculated relative adsorption constants
were removed and thoroughly rinsed with acetone and listed in Table III.
allowed to dry. The strips were subsequently immersed Prior to immersion of a particular material in the model
in a 0.2 M solution of NaOH for 5 min. After removal from fuel, DLA is allowed to equilibrate with the epoxy surface
the NaG solution, the strips were thoroughly rinsed with of the container. After sufficient time for equilibration,
distilled water followed by acetone and allowed to dry in approximately 5 min, a 100-mL aliquot of model fuel is
a hood. removed and analyzed to determine its DLA content. This
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Table 11. HPLC Measurements of Dilinoleic Acid is statistically significant but quite low at the surface area
Depletion to volume ratios investigated.

DLA
material slope intercept R 2  SA/vol concnl Application

70:30 Cu/Ni -0.163 3.0 0.90 0.00 3.0 The adsorption constants determined can be applied to
0.61 2.9 current field problems and questions regarding quality
1.28 2.8 assurance since care was taken to ensure a realistic surface
2.02 2.7 area to volume ratio. Recently, a lubricity-related problem

cold-rolled steel -0.118 2.6 0.89 0.00 2.6 occurred at a U.S. military base. A low-lubricity fuel had
1.31 2.4 had the minimum allowable concentration of lubricity
2.74 2.2 enhancer, 9 ppm, added at the refinery. Since the active
4.09 2.0 ingredient comprises approximately 50% of most cor-

Zn-plated steel -0.110 2.7 0.96 0.00 2.7 mercial lubricity enhancer additives (Black et al., 1988),
0.19 2.6 the actual initial concentration was 4.5 ppm. The fuel was1.37 2.5
2.86 2.3 pumped through a steel pipeline approximately 100 miles
4.28 2.2 long before reaching the base. Lubricity-enhancer-free

glass -0.088 2.9 0.51 0.00 2.9 products also pass through-this pipeline and, hence, may
1.02 2.8 desorb previously adsorbed active ingredient from pipeline
2.12 2.7 walls.
3.70 2.6 The calculated internal surface area to volume of jet fuel

aStandard error - 0.08 - i/. ratio of the pipeline was 0.39 cm -1. The product of the
average Kd in Table III for steel and the surface area to

Table Ill. Average and Relative Adsorption Constants for volume ratio of the system yield a value of 0.026. This
the Materials Studied means that less than 3% of the active ingredient initially

material av Kd rel Kd present could be lost from the fuel due to adsorption. This
cold-rolled steel 0.068 * 0.005 2.00 loss would be further decreased by adsorption of competing
70.30 Cu/Ni 0.061 * 0.01 1.79 surface active material present in other fuel products which
Zn-plated steel 0.057 * 0.004 1.68 also pass through the line. These surface active materials
glass 0.034 * 0.002 1.00 may adsorb on pipeline surfaces and hence lower the lossby adsorption of the active ingredient in lubricity enhancer

concentration is designated the initial DLA concentration, additives.
[DLA] . After immersion of a particular test material The calculated loss of active ingredient from the fuel is
in the model fuel, DLA begins to adsorb on the material's within the range of the standard error for a single deter-Isurfaces. This adsorption can be expressed as mination. The loss is saitclyisgiiatad

Istatistically insignificant and,
[DLA]m, -- [DLA] d + [DLA],, (1) therefore, the lubricity related problem is not a result of

After a period of time, an equilibrium is reached between adsorptive loss of active ingredient. The fact that there
adsorbed and unadsorbed DLA in solution. This can be was a lubricity-related problem in this particular case may
expressed as be due to a number of factors. First, the lubricity enhancer

additives are accepted and used. not for their ability to[DLA] *:- [DLA].d (2) enhance lubricity but because they inhibit corrosion.

The adsorption, K, can now be expressed as Second, not all additives are based on dimers of linoleic
acid or mixtures of carboxylic acids. Hence, not all ad-

K ffi [DLA].i/[DLA]a (3) ditives are necessarily surface-active boundary lubricants.
[DLAJ. d is not measured, but from eq 1, the mass balance, Third, and probably most important, there is no currently
the following must be true: accepted test for measuring the lubricity of military jet

[DLA]d = [DLAJW - [DLA]d (4) fuel.

Therefore, the adsorption, K, can be written as Conclusions

[DLAI. - [DLA],d Adsorption constants, Kd, were determined for a rep-
K ffi (5) resentative lubricity enhancer additive on four different

[(DLAUD.Ed materials. The Kd values are valid over a wide range of
The adsorption constant, Kd, can be calculated by dividing useful surface area to volume ratios encountered in fuel-
K by the surface area to volume ratio at which K was handling operations. The Kd, was quantitatively found
calculated. K, can be expressed as to be material dependent. Adsorption was greater on metal

([DLAIh - [DLA1. d)/DLAJ surfaces and significantly lower on glass.
K -d (6) Loss of this typical active ingredient by adsorption was

SA/vol found to be insignificant within the allowable concentra-
There were differences in the normalized Kd for each tion range, even in the worst case example of a pipeline

of the four materials studied. This indicates that K i transfer (surface area to volume ratio approximately 0.4
othmaterial dependentsRtuied isoincostatKs cm-'). Adsorptive loss in large fuel storage tanks, wherematerial dependent. Relative adsorption constants for the surface area to volume ratio is as low as 0.001 cm-',

each of the materials are listed in Table IML It can be seen
that the metal strips are considerably more effective in is also insignificant at all concentrations within the spec-
depleting DLA from solution than glass. The measured ified limits.
decrease in DLA concentration on glass surfaces is within Acknowledgment
the standard error for a single determination. This means
that there is not a statistically significant loss. This is Parts of this work were funded by the Naval Air Pro-
important, because glass is used extensively for laboratory pulsion Center and the U.S. Navy Energy Research and
analyses of DLA. For all of the metal surfaces, the loss Development Office.
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ABSTRACT

In recent years, the quality of petroleum feedstocks used by
refineries has decreased. This has necessitated the use of severe refinery
processes in order to produce jet fuels of high thermal stability and
cleanliness. Unfortunately, these processes remove naturally occurring
polar material which impart a fuel's inherent lubricity. As a result, the
lubr2city properties of jet fuel products have decreased. This critical
fuel property is essential for sustained high performance of fuel
lubricated engine components. This paper describes a method that
correlates naturally occurring and added carboxylic acids with fuel
lubricity as measured by the Ball-on-Cylinder Lubricity Evaluator (BOCLE).

INTRODUCTION

In rece years, the quality of petroleum feedstocks has decreased.
Thus, it has be necesary to employ severe refining processes in order
to produce jet fuels of hiqh thermal stability and cleanliness. Processes
such as hydrotreating, hydrocracking, and clay filtering effectively
remove the compounds whjd decrease thermal stability and hinder water
removal by coalescenme. 1  Unfortunately, some of these compounds are
believed to impart a fuel's natural lubricity. Removal of these compounds,
therefore, leads to a decrease in the operational lifetime of fuel
lubricted engine components in some military and commercial aircraft.
This in turn causes increased maintenance costs and down-time of aircraft.
For the commercial airlines, this can cause a loss of revenue while an
aircraft is grounded. For the military, this can lead to a decreased state
of readiness.

Lubricity is a qualitative description of the relative abilities of
two fluids, with the same viscosity, to limit wear and friction between
moving metal surfaces. 2 , It a~y be the most critical fuel property
degraded by refinery proa . 6 There have been instances where th
use of low lubricity fuel has caused loss of aircraft and human life.

Considerable effort has been made in the development of a mechanical
method which can be performed in the laboratory which will measure fuel
lubricity. The current and most widely accepted method is the
Ball-on-Cylinder Lubricity Evaluator (BOCLE). The lubricity of a fuel is
determined by the measurement of a wear scar on a ball which has been in
contact with a rotating cylinder partially immersed in a fuel sample. The
reported value is the average of the major and the minor axes of the oval
wear scar in millimeters. Typical values for jet fuels are between 0.45
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I and 0.95 mm.

This paper describes a method for estimating the lubricity properties
of jet fuel by compositional analysis. The information developed by this
technique is compared to measurements of the same fuels on the BOCLE. The
method is based on a previously developed method for determining the
concilation of corrosion inhibitor as a lubricity enhancer additive infueL -  The analysis procedure involves a base extraction of a fuel
sample with subsequent analysis by high resolution size exclusion
chromatography. The amount of naturally occurring organic acids extracted
from the fuels correlate well with their respective BOCLE measurements.

I EXPERIMENTAL

ea s- HPLC grade uninhibited t-trahydrofuran (THF) and HPLC grade
methylene chloride were obtained from Fisher Scientific. Six test fuels
and a hydrocarbon standard used for BOCLE repeatability and
reproducibility studies were obtained from the Naval Air Propulsion
Center, Trenton, NJ. These samples included: two JP-4 fuels, one of which
had been clay filtered; two Jet A fuels, one of which had been clay
filtered; a JP-5 fuel; a JP-7 fuel; and ISOPAR M, an isoparaffinic fluid. used as a low lubricitv standard. A model JP-5 fuel was prepared usingtechnical grade (99.7% purity) n-dodecane obtained from Phillips 66 Co.

HPLC grade toluene was obtained from Burdiek and Jackson Laboratories Inc.
Other consttuents of the model fuel were obtained from Fisher Scientific.
These compounds included indan, decalin, t-butylbenzene, andcyclohexylbenzene. To investigate the effect of organic acid type on
lubricity enhancement, the following acids were used: octanoic, decanoic,
lauric, palmitic, stearic, cycldhexane c iboxylic acid, and dodecylbenzene
sulfonic acid.

Ecuiament and Materials- Samples were analyzed using a Beckman-Altex
Microspherogel high resolutio, size exclusion column, Model 255-80 (50A
pore size, 30cm x 8.0mm I.D.). Uninhibited THF was used as the mobile
phase. The THF was periodically sparged with dry nitrogen to inhibit
formation of hazardous peroxides. The injector was a Rheodyne Model 7125.
A Beckman Model 100-A HPLC pump was used for solvent delivery with a
Waters Model 401 differential refractometer for detection. Peaks were
identified using a Varian Model 9176 strip chart recorder. A Fisher
AcCumet pH Meter Model 610A and a Fisher Standard Combination Electrode
Catalog Number 13-639-90 were used for pH adjustments. BOCLE measurements
were performed at twenty different laboratories worldwide. The BOCLE used
was an InterAv Model BOC 100. The cylinders used were Timken Rings PartNumber F25061 obtained from the Falex Corp., Aurora, IL. The test balls
used were 12.7am diameter, SKF Swedish Steel, Part Number 310995A obtained
from SKF Industries, Allentown, PA.

Meth - Fuel samples were analyzed for organic acid concentration by a
previously developed method.8 For each sample, 100 ml were extracted
with 100 ml of 0.214 aqueous sodium hydroxide. The aqueous phase was
drained into a clean beaker and acidified dropwise with concentrated
hydrochloric acid. The pH of the aqueous solution was lowered to 2.0 t
0.03. The acidified aqueous phase was back-extracted with 100 ml HPLC

!
~574



I
I
I

grade methylene chloride. The methylene chloride was drained into a clean
beaker and allowed to evaporate. After evaporation, the residue was
dissolved in 2.0 ml HPLC grade THF and transferred to a glass vial with a
teflon-lined cap.

BOCLE measurements on the seven fuel samples were performed in
duplicate at twenty laboratories in the United States and Europe. The
BOCLE method used was according to appendix Y of the Aviation Fuel
Lubycity Evaluation published by the Coordinating Research Council,
Inc. The lubricity of each sample was measured using both a 500 and a
1000 gram load for the ball on cylinder. The compositional analysis datais correlated with the 500 gram load BOCLE data.

To determine the effect of sulfonic acid on lubricity enhancement, six
listed with their relative wear scar diameter measurements in Table 1.

I RESULTS

Figures 1 and 2 are size exclusion chromatograms for the seven fuel
samples. Figure 1 represents those fuels which were determined to have
high lubricity. Figure 2 represents those fuels which were found to have
low lubricity. The region of interest on the chromatogram is the area
where retention volume is between 5.25 ml and 7.5 ml. The peaks which
elute after 7.5 ml are artifacts and were not extracted from the fuel. In
Figures la and lb, the peaks with retention volumes less than 6.25 ml
correspond to the presence of the lubricity enhancer additive. The peak
which elutes at approximately 5.85 ml represents the major active
ingredient in most commercial additives, dilinoleic acid (DLA). It has a
molecular weight of 562 daltons. This material is prepared by a
1,4-cycloaddition (Diels-Alder) reaction of two linoleic acid molecules.
The product is a mcnocyclic compound with a molecular weight twice that of
linoleic acid. It possesses two carbaxylic acid groups which are believed
to be the points of adsorption to active surface sites.

The small peak which elutes at approximately 5.4 ml corresponds to the
presence of trilinoleic acid (TLA). TLA, which is also a product of the
Dies-Alder reaction, may possess either a partially unsaturated fused
dicyclic ring structure or two isolated partially saturated cyclohexyl
rings. It has a molecular weight approximately three times that of
linoleic acid (840 daltons).

The fuels whose chromatograms are depicted in Figlres Ic and, Figures
2a through 2d, do not possess the lubricity enhancer additive. Their
lubricity properties are, for the most part, solely related to the
presence of naturally occurring carboxylic acids. The correlation of
acirdi materials present which elute at 7.25 ml is made with the BOCLE
measurements. This retention volume was arbitrarily chosen because it was
representative of naturally occurring organic acids present in each of the
samples.

I Table 2 lists the BOCLE results of the seven fuel samples.
Statistically, it can be seen that there are two distinct groups. Three
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fuels, JP-4, Jet A, and JP-5, were found to have high lubricity, and the
four others, clay filtered JP-4, ISOPAR M, clay filtered Jet A, and JP-7,
were found to have low lubricity. The results within each set are
statistically the same. The average relative wear scar diameter for the
high lubricity fuels is 0.64 mm ± 0.05 mm (7.8%). The average relative
wear scar diameter for the low lubricity fuels is 0.94 ± 0.10 mm (10.6%).This implies that the precision of the BOCLE is better for high lubricity
rather than low lubricity fuels.

Table 3 compares the the peak height at 7.25 ml with the BOCLE
measurements for each of the fuels. Both JP-4 and Jet A possess the
lubricity enhancer additive. It is, therefore; not surprising that these
were high lubricity fuels. It can be seen in Figure lb and Table 3 that
the Jet A sample had a significantly higher concentration of the naturally
occurring carboxylic acids and lubricity enhancer additive than either the
JP-4 or JP-5. The lubricity of the Jet A, however, was not significantly

higher than the other high lubricity fuels. Previous work has shown that
there is a minimum possible wear scar diameter. The addition of more
lubricity enhancer additive or the presence of a greater amount of
naturally occurfg lubricity enhancing species will not decrease the wear
scar diameter. In each of the high lubricity fuels, the maximum
lubricity has been achieved. Thus, the lubricity measurements for these
fuels are the same.

There may be some question as to why the JP-5 sample had significantly
higher lubricity than the four low lubricity fuels. In Table 3, it can
been seen that the JP-5 sample has only twice the concentration of acidic
species eluting at 7.25 ml than the low lubricity fuels, yet the lubricity
properties are significantly better. By comparison of Figure lc with
Figures 2a through 2d, it can be seen that each of the fuels in Figure 2
possess a single peak which elutes at 7.25 ml. The JP-5 sample depicted in
Figure lc has, not only this peak, but higher molecular weight acidic
species which elute between 6.25 and 7.0 ml. We propose that the presence

of these naturally occirring components in addition to two to three times
the concentration of material eluting at 7.25 ml, yields the higher
lubricity characteristics.

Dodecylbenzene sulfonic acid (DBSA) was found to have no effect on
lubricity at concentrations that are normally found in jet fuel. Table 1
shows that at DBSA Vcentra s up to 1.0 ppm, DBSA did not decrease
wear scar diameter measurements for the model fuel. This is in agreement
with work performed by Lazarenko, et al. They found that corrosion
inhibitor? based on sulfonic acids did not increase jet fuel
lubricity. 1 4 Model fuel doped with 96.0 ppm of a carboxylic acidmixture had, however, significantly lower wear scar diameter measurements,
i.e., lubricity had increased as expected.

DISCUSSION AND CONCLUSIONS

The effect of long chain carboxylic acids on boundary lubriciation is
well established. The presence of naturally occurring long chain
carboxylic acids in jet fuel is believed to play a major role in lubricityenhancement. Any refinery procedure whc removes these acids will have a
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detrimental effect on the lubricity of jet fuel products. Thus, processes
such as hydratreatment, hydrocracking, and clay filtration will decrease
jet fuel lubricity.

It is well known that clay filtration adversely affects jet fuel
lubricity. It has long been believed that this is a result of the removal
of naturl j ccurring polar materials in fuel which impart
lubricity. 13 The results of the BOCLE measurements confirm
that lubricity does indeed decrease after clay filtration. The
cmpositional changes can be seen by comparison of Figures lb and 2c which
represent Jet A fuel before and after clay filtration. The concentration
of lubricity imparting organic acids has been drastically reduced. The
lubricity enhancer additive has also been completely removed. The

1. ding result is an extreme reduction in fuel lubricity. comparisonbetween clay filtered and non-clay filtered JP-4 cannot be made since

these were two different fuels. It can be seen, however, that the
mandatory corrosion bitr/lubicity enhancer additive is not present
in the clay filtered sample.

This work has shown that a direct relationship between the presence of
naturally occurring carboxylic acids and BOCLE measurements exists.
Previous work by has also shown this relationship. They analyzed a
series of additive-free JP-5 and Jet A samples for naturally organic acids
and correlated their presence with the fuels' respective BOCLE
measurements- Additional work, which will be published in a subsequent
paper, has shown the relationship in Naval JP-5 field samples as well as
Air Force JP-4 field samples.

Sulfonic acids, however, were not found to influence BOCLE
measurements and, therefore, do not enhance lubricity. Other polar
material in jet fuel may contribute to lubricity enhancement. The
carboxylic acids, which are well known surface active and lubricity
enhancing species, are likely to be the major contributor.

In the future, it appears as though the BOCLE will be accepted as the
standard method for measuring lubricity in the laboratory. The
compoitional analysis method can be used as a supplementary method to the
BOCLE for verification of lubricity measurements. There are, however, a
few advantages to the compositional analysis method over the BOCLE. First,
the BOCLE is operator sensitive. Second, the instrument is sensitive to
contamination of the fuels and test materials. Third, the presence of
dissolved oxygen and water in a sample will influence the wear scar
generated. Fourth, the BOCLE is very sensitive to relative humidity.

The compositional analysis method is not sensitive to relative
humidity or dissolved oxygen and water in a fuel sample. Trace
contamination between samples does not occur as readily with the
compositional analysis method and its influence is significantly less. The
compositional analysis method is also able to distinguish between three
types of high lubricity fuel which the BOCLE cannot. These include; a high
lubricity fuel without corrosion inhibitor, a high lubricity fuel with
corrosion inhibitor, and a low lubricity fuel with corrosion inhibitor.

Although the lubricity enhancer additive is mandatory in U.S. military
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jet fuel, a number of Naval JP-5 fuel samples were indentified where the
lubricity additive may not have been necessary. Addition of the lubricity
enhancer additive to these fuels may have been an unnecessary expense. In
addition, the lubricity enhancer additive has been shown to adversely
effect the removal of water from fuel by coalescence. The use of the
additive, therfore, may actually be detrimental rather than beneficial insome fuels.

Finally, for those fuels which have had the lubricity enhanceradditive blended in at the refinery, the compositiona analysis method canbe used as a quality assurance and quality control procedure. Both the

refiner and user can analyze a fuel for levels of both naturally occurring
and added lubricity imparting organic acids.

SAMPLE Conc. DBSA (oml Cone. R-CON (noul JD
1 0.0 0.0 0.99
2 0.5 0.0 0.98
3 1.0 0.0 1.00
4 0.0 96.0 0.49
5 0.5 96.0 0.51
6 1.0 96.0 0.53

The WEw of -ylbenzme Sulfonic Acid an Lubricity as Measured by
the BOCLE in the Presence and Absence of Carborylic Acids.

TAILK-1

SAMPLE Normalized WSD 2
JP-4 0.63 0.05
JET A 0.64 0.05
JP-5 0.65 0.05
CT JP-4 0.92 0.11
ISOPAR M 0.93 0.09
CT JET A 0.93 0.09
JP-7 1.00 0.11

The Lubricity of Fuel Samples as Meared by the Bali-on-Cylinder
Lubricity Evaluator.

Normalized WSD Pk Hat @ 7.25 mL
JP-4 0.63 10.0 mm
JET A* 0.64 >165.0 mm
JP-5 0.65 * 5.5 mm
CT JP-4 0.92 6.5 m.m
ISOPAR M 0.93 4.5 mm
CT JET A 0.93 6.0 mm
JP-7 1.00 7.S mm

:ontained a lubricity enhancer additive
Higher molecular weight acidic species were also present

The Compartm oE O Acid Compositim at 7.25 mL Retention Volume
wtth Lubricity as Nmm=W by the Bell-on-cylinder Lubricity Evaluator.
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ABSTRACT

In recent years, the quality of petroleum feedstocks used by
refineries has decreased. This has necsitated the use of severe refinery
processes in order to produce jet fuels of high thermal stability and
cleanliness. These processes, however, tend to decrease the lubricity
properties of jet fuel products. As a result, fuel lubricated engine
compcrnens have b e -er-c-- greater wr and meanical failure. To
aflevate this problem, a highly effective lubricity enhancer additive,
based on mixtuxu of carboxylic acids, is mandatory in all U.S. military
jet fuel. The additive, however, has been shown to interfere with the
removal of water from jet fuel by coalescence. In addition, some fuels
posem hkih levels of naturally ooamn, lubricity enhancing carboxylic
acids and, therefora, do not need the additive. This paper describes the
appl-icti of an analysis method that distinguishes between fuels with
and without the additive, and fuels that possess naturally occurring,
lubricity enhancing carboxylic acids.

INTRODUCTION

In part 1 of this work, it was shown that a direct correlation exists
between the presence of naturally occurring carboxylic acis and
Ball-on-Cylinder Lubricity Evaluator (BOCLE) measurements.1 This
correlation was applied to a series of fuel samples that were used to
determine the rpeatability and reprduciblity of the BOCLE instrument.
Extensive BOCLE data had been generated to which the compositional
analysis results coud be cozpaze. The Iompoual analysis method was
found to be able to distinguish between naturally occurring and added
lubricity enhancing carboxylic acids.

This paper applies the compositional analysis method to a series of
Navy JP-5 jet fuel sample obtained from a worldwide survey of storage
depots. BOCLE 1, 11 1mets were performed at the Naval Air Propulsion
Center (NAPC), Trenton, NJ. As in the previous work, the presence of
cazroylic acids in a fuel sample increased its inherent lubricity. The
COiposiical analysis method also identified fuels which were deficient
in the mandatory lubricity enhancer additive.

EXPERIMENTAL

REl - HPLC grade uninhibited tetrahydrofuran (THFl and HPLC grade
methylene chloride were obtained from Fisher Scientific. Seven JP-5 fuel
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samples, from the Navy's Second Worldwide Fuel Survey, were obtained from
the Naval Air Propulsion Center.

E0i-menyt and Materials- Samples were analyzed using a Beckman-Altex
MicrsPherogel high resolution, size exclusion column, Model 255-80 (50A
pore size, 30cm x 8.0mm I.D.). Uninhibited THF was used as the mobile
phase. The THF was periodically sparged with dry nitrogen to inhibit
formation of hazardous percdde& The injectr was a Rheodyne Model 7125.
A Beckman Model 100-A HPLC pump was used for solvent delivery with a
waters Model 401 differential refractometer for detection. Peaks were
identified using a Varian Model 9176 strip chart recorder. A Fisher
A tpH m er Model 610A and a Fisher standard combination electrode
Catalog Number 13-639-90 were used for pH adjustments. An Interav Model
BOC 100 Ball-on-Cylinder Lubricity Evaluator was used for lubricity
meamam .s. The cylinders were 100% spheroidized annealed bar stock,
conm-alo vacuum melted AMS 6444 stel obtained from Jayna Enterprises,
Inc., Vandalia, OH. The balls used were 12.7mm diameter, SKF Swedish
Steel, Part Number 310995A obtained from SKF Industries, Allentown, PA.

Metho- Fuel samples wers analyze# for carboxylic acid concentration
by a previously developed method." For each sample, 100 ml were
extracted with 100 ml of 0.2M aqueous sodium hydroxide. The aqueous phase
was drained into a clean beaker and aedified dropwise with concentrated
hydrochloric acicL The pH of the aqueous phase was lowered to pH 2.0 ±
0.03. The acidified aqueous phase was back-extracted with 100 ml HPLC
grade mathyl ne chlwlde The methylere chloride was drained into a clean
beaker and allowed to evaporate. After evaporation, the residue remaining
was dissolved in 2.0 ml HPLC grade THF and transferred to a glass vial
with a teflon-lined cap.

BOCLE --- arent were performed in triplicate on each of the fuel
saplas. The mhod used was acrding to appenix Q of the Aviation Fuel
LubZicity Evaluation published by the Coordinating Research Council,
Inc. The sum of the values obtained for each sample was averaged and
the relative wear scar diameter measurements are reported in Table 1.

RESULTS AND DISCUSSION

As in prewvios work, the prsence of carboxylic acids, both naturally
occurring and added, correlats well with BOCLE measiem The relative
average wear scar diameter for each sample is listed in Table 1. The
cylinders used for this work were somwhat softer than the Timken rings
previously used in Part 1 of this work. As a result, the actual wear scar
diameter measurements were somewhat lower with a narrower range.

It can be seen in Table 1 that five of the seven fuels analyzed
possessed the lubIcity enhancer additive. Four of these fuels had both
the major constituent, dilinoleic acid (DLA), and a minor component
present in sme lubricity enhancer additives, trilinoleic acid (TLA). Two
of the fuels analyzed, however, did not possess any appreciable amount of
the mandatory lubricity enhancer additive.

In Figures 1 through 5, the major lubricity enhancer additive
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component, DLA, elutes at approximately 5.85 ml. The DLA component has a
molecular weight of about 560 daltons. This material is prepared by a 1,4-
cqcloaddition (Diels-Alder) reaction of two linoleic acid molecules. The
product is a monocyclic compound with a molecular weight twice that of
linoleic acid. It possesses two carboxylic acid moieties which are
believed to be the points of attachment to active surface sites.

In Figures 1 through 4, the peak corresponding to the TLA component is
also present. This component elutes at approxmately 5.4 ml. The TLA
component, which is also a product of the Dials-Alder reaction, has a
molecular weight of approximately 840 daltons. It may possess either a
partially unsaturated fused dicyclic ring structure or two isolated
partially saturated cyclohexyl rings..

As expected, the fuels that possess the lubricity enhancer additive
were found to have the highest lubricity. Those fuels that did not pcssess
the lubricity enhancer additive, and were also deficient in naturally
occurring carboxylic acids, were found to have the lowest lubricity. From
what is known about carboxylic acids with respect to lubricity
enhanmeit, cotinued use of these fuels could lead to lubricity related
problems.

Table 2 lists the peak heights for the added and naturally occurring
carboxylic acids extracted from the fuel samples. Fuel samples 1 through 3
each possessed similar amounts of the lubricity enhancer additive. Fuel
sample 4 had slightly less than the first three fuel samples, while fuel 5
was devoid of the TLA component and had significantly less of the DLA
component. Two sets of data for the naturally occurring carboxylic acids
are listed. In previous work, it was found that some fuels possess two
distinn molecular weight ranges of naturally occurring carboxylic
acids. ' These two ranges are designated regions 3 and 4. These
components have retention volumes of approximately 6.5 and 7.0ml
respectively and can be clearly seen in Figure 3.

High resolution size exclusin chromatography separates components on
the basis of molecular shape and size and, therefore, to an extent,
molecular weight. In general, one would expect a normal distribution of
straight chain alkanoic acids which parallels the distribution of normal
alkanes present in a fuel. The presence of two separate peaks for the
naturally occurring carboxylic acids indicates the presence of two
distinct classes of constituents. Region 3 corresponds to the straight
chain alkanoic acids, while region 4 corresponds to mono- and polycylic
carboxylic acids. The maxima for regions 3 and 4 correspond to the
molecular weight of tetradecanoic acid (C 1 4 ), and octanoic acid (C 8 )
respectively. The condensed size of a cyclic compound, as opposed to a
straiht chain compound, yields a calculated molecular weight lower than
its actual molecular weight. For this reason, region 4 is most likely
comprised of not only monocyclic carbocxylic acids, but polycyclic acids as
well.

Maxima for regions 3 and 4 are not as well defined in other fuels
examined. For these fuels, the height was measured at a retention volume
that corresponds to the maxima in Figure 3. In Figures 1, 2, and 5, the
concentration of carbcxylic acids present in region 3 increased gradually
as the molecular weight decreased. In each case, there is a very rapid
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increase in carboxylic acid concentration in the region 4 mo cular weinhtI range. Similar results were found in earlier work. ±'e

In each fuel previously examined, there was some minimum amount of
carboxylic acids present in region 4. Not all fuels, however, possessed
the carboxylic acids which correspond to region 3. Some had very low
concentrations, some had approximately equal concentrations. These
differences may be a result of crude source, refinery operations, or
storage conditions.

CONCLUSIONS

The compositional analysis method has been applied to a series of
field samples to determine the presence of naturally occurring and added
carboxylic acids are known to enhance jet fuel lubricity. The
concentration present in a given fuel sample correlates well with its
inherent lubricity as measured by the BOCLE.

A number of molecular weight ranges of carboxylic acids are present in
most jet fuels. Two of these regions correspond to the presence of an
added lubricity enhancer, and two or more correspond to naturally
oumrring lubricity enhancing carboxylic acids. The relative effectivenessof each region has not yet been determuted. It is believed, however, that
the dimer of linoleic acid is more effective than the trimer. This is a
result of ;;_gric hindrance between trimer molecules when attached to
surfaces."-'

The relative effectiveness of the naturally occurring carboxylic acids
is believed to increase as chain length increases. Daniel found that, in
genera the ease of adsorption increases with increasing chain
length. 8 Boundary lubrication also increases as chain length
increases. 8 9 The lubricity properties of jet fuel, therefore, may
increase as the presence of longer chain carboxylic acids increases. At
some point, however, there is probably a limit to lubricity eni.ancement by
increasing chain length. The relative effectiveness of region 3 over
region 4, therefore, may be substantially different due to the differences
in structure.

There may be some question as to why the mandatory lubricity enhancer
additive is absent from two of the fuels examined. There are possible
explanations for this. First, the lubricity enhancer additive was
originally added to the fuel to inhibit corrosion to fuel handling and
storage systems which resulted from dissolved oxygen and free-water
present in fuel. The carboxylic acid based corrosion inhibitors were

seren it1 9 asly found to enhance the lubricity properties of low lubricity
fuels. - AS luoricity related problems became more prevalent, the
primary purpose for the corrosion inhibitor was lubricity enhancement.
Unfortunately, the military specification for jet fuel was not modified to
include lubricity properites. Second, the additives are accepted and used,
not for their ability to enhance lubricity, but to inhibit corrosion. Some
of these additive are based on acylated glycols and acylated
alkanolamines. the compositional analysis method described in this paper
is not suitable for analysis of these materials. It should be noted that
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these materials have been shown to be relatively ineffective lubricity
enhancers. Third, the additive was not added at the refinery as it should
have been.Additive loss due to adsorption in fuel handling has been found
to be insignificant. Previous work has shown that as little as 3% is lost
due to adsorption on the surfaces of a 100 mile pipeline.4

The ompositional analysis method can be used as a supplement to the
BOCLE. The BOCLE can determine if a fuel has sufficient lubricity
characteristic. The compositional analysis method can determine if the
lubricity is a result of naturally occurring or added carboxylic acids or
both.
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IAjE_1
SAMPLE Relative WSD TLA Present DLA Present

1. Roosevelt Roads, P.R. 0.67 YES YES
2. Guantanamo, Cuba 0.70 YES YES
3. Diego Garcia 0.71 YES YES
4. lorizaki, Japan 0.77 YES YES
5. Gatun, Panama 0.79 NO YES
6. Cartagena, Spain 0.86 NO NO
7. Azores 1.00 NO NO

The Relative Lubricity of Fuel Saples as Measured by the Ball-on-
Cylinder Lubricity Evaluator.

SAMPLE 11 Rea. 3 Pk Hat Reg. 4 Pk Hat

1 4.0 15.5 14.5 126.0
2 4.0 15.0 11.0 25.0
3 4.0 16.0 20.0 22.0
4 1.5 11.0 4.0 3.5
5 0.0 7.5 12.0 74.0
6 0.0 0.0 5.0 8.5
7 0.0 0.0 7.5 6.5

The RIl of the oi Analysis of Fuel Samples for Natural and
Added Carboxylic Acids.
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1 5.5A 6.0 6.5 7.

FIGURE 1: HPLC Chromatogram of Base Extracted JP-5 Jet Fuel from

Roosevelt Roads, Puerto Rico.I
2:S . 7.0

FIGURE 2: HPLC Chrouatogram of Base Extracted JP-5 Jet Fuel from
Guantanamo, Cuba.

FIGURE 3: HPL. a C thra a of Base Ektrce -5 Jet Fuel from Diego

Garcia.

587



I
I
I
I

FIGURE 4: HPLC Ckirvmab~rm of Base Extraced .JP-5 Jet Fuel fr Iorizaki,
Japan.I

II
FIGURE ~- -5.5 606. OGt

FIGURE 5: HPLC OrEtactead JP-5 Jet Fuel from Gatun,
Panama.

I n
FIGURE 6: HPLC Chromatogram of Base Extracted JP-5 Jet Fuel From

Cartagena, Spain.

i I 5  0 .
FIGURE 7: HPLC Qiruuatogram of Base Extracted JP-5 Jet Fuel from the

Azores.
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i yABSTRACT

In t years the W y CC petolum fedcks used by refineries
has decrease. This has neow4ted the use of severe refinery processes
in Czrd- to produce jet fuels of high thermal stability and cleanliness.

tk~ mtua~y these processes reove the compounds that are responsible
for a fuel's inherent lubricity. As a result, fuel lubricated engine
components are experiencing greater wear and mechanical failure The
Ball-Ot-Cylinder Lubricity Evaluator (BOCLE) was developed to predict a
fuel's tandancy to caume lubricity related problems. This paper discusses
the influence of trac polar speci an lubricity, the use of additives to
increase lubricity, changes in a fuel's lubricity during storage, and
inadequacies of the BOCLE. Finally, a suggested long term solution to
lubricity problems by hardware modifications will be discussed.

INTRODUCTION

The incdde of lubricity related prbls in commercial and military
jet aixcaft has increased over the past twenty year. This is a result of
the need for more severe refinery prooeses to remove trace fuel species
that adve!sely affect thermal stability and water removal by
coala-cence. The processes also remove trace polar species that
are responsible for a fuel's inherent lubricity properties.

lubricity is a qualitative description of the relative abilities of
two fluids with the sae vlscosity, to limit wear and friction between
moving metal surfaces. 14 It vay be the most critical fuel property
d-_raded by refinery proes. The continued use of low lubricity
fuel can lead to a decease in the operational lifetime of fuel lubricated
engine componen This eads to ncreased maintanc costs and down-time
of aircraft. Furthermore, the use of low lubricity fuel has been
implicated in the loss of certain military aircraft.

In the late 1960s, it was serendipitously found that a pipeline
corr " n inhibitor had a significant effort an lubricity enhancement. The
additive's original intended purpose was to decrease corrosion to fuel
handling systems and transfer lines. The additive is effective as a
corrosion inhibitor due to its surface-active nature. The active
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ingredient in most corrosion inhibitors is a dimeric organic acid, usually

dilincleic acid (DLA. It is the surface-active nature of the dimeric acid
that causes the corrosion inhibitor to be an effective lubricity enhancer.

The use of a corrosion inhibitor as a lubric4ty enhancer is now
required in all military JP-4 and JP-5 jet fuel. Unfortunately the
additive can hinder water removal by coalescence. In other cases a fuel
may have adequate lubricity initially and would preclude the use of the
additive. Currently there is no lubricity specification for either
comercial or military jet fuel. This has been due primarily to the lack
of a te method; herA, the mandatory addition of the additive to assure
adequate lubricity.

During the past fifteen years considerable effort has been made to
develop a mechanical method to measure fuel lubricity. The current and
most widely aco d method is the Ball-on-Cylinder Lubricity Evaluator
(BOCLE). The lubricity of a fuel is determined by the measurement of an
oval wear oar n a ball that has been in cotact with a rotating C linder
partially immersed in a fuel sample under controlled conditions.X The
reported value is the average of the major and minor axes of the oval wear
scar in millieters . Two limitations to this method are: First, the BOCLE
is run at 25"C, a temperature that is not characteristic in aircraft
env nts. Second, the test is limited to a measurement of boundary
lubrication, a lubricatioDpregime not characteristic of currently usedaircraft fuel pumps. ," v

In the United Kingdom a second method is being used. This method,
develoed and used exclusively by Shell Research, Ltd., is known as the
Thotan Aviation Fuel Lubricity Evaluator (TA FLE). This consists of a
stationery cylinder loaded onto a rotating cylinder both of which arecompletely immersed in the fuel sample. Measurements can be obtained atboth ambient and elevated temperatures. This test also measures scuf i
load which is generally characteristic of fuel system failures. , u

I EXPERIMENTAL

ROMent- HPLC grade uninhibited tetrahydroCuran (THF) and HPLC grademethylene chloride were obtained from Fisher Scientific. JP-5 and Jet A
jet fuel samples were obtained from the Naval Air Propulsion Center
(NAPC). JP-4 jet fuel samples were obtained from Wright-Patterson Air
FOrm Base (WPAFB). Carbaxylic acid standards were obtained from a variety
of sourc including; Aldrich Chemical Company, Inc., LaChat Chemicals,
Inc., and PolyScience, Inc. Trimethylsilyl ester derivatives of the
carbCYlic acids and jet fuel base extracts were prepared using Power
Sil-Prep obtained from Alltech Associates, Inc.

Ecument and Materials- For HPLC analyses, samples were analyzed
using a Beckman-Altex Microspherogel high resolution, size exclusion
column, Model 255-80 (50A pore size, 30 cm x 8.0 mm i.d.). Uninhibited THF
was used as a mobile phase. The THF was periodically purged with drynit en to inhibit the formatio of hazardous peroxides. The injector wasa MP y kqpvalve Model 7125. A Beckann Model 100-A HPLC pump was used
for solvent delivery with a Waters Model 401 differential refractometer
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I for detection. A Varian Model 9176 strip chart was used to record peaks. A
Fisher Accumet pH Meter Model 610A and a Fisher Standard Combination
Electrode Catalog Number 13-639-90 were used for pH adjustments.

Gas Chromatgraphy/Mass Spectrometry (GC/MS) analyses were performed
using a Hewlett-Packard Model 5890 GC oupled to a Finnigan MAT ion trap
detector. An all glass GC inlet was used in combination with a 0.2 mm x
50 i OV-101 fused silica capillary column. Data were collected using an
IBM AT Personal Computer with ITDS software (version 3.0).

BOCLE analyses were performed using an InterAv Model BOC 100. The
cylinders used were Timken Rings Part Number F25061 obtained from the
Falex Corp., Aurora, IL. The test balls used were 12.7 mm diameter,
Swedish Steel, Part Number 310995A obtained from SKF Industries,
Allentown, PA.

Method- HPLC analy!1112ag fuel extracts were performed using a
previosly d welqwd method.l This involved the extraction of 100
mL of jet fuel with an equal volume of of 0.2 M NaOH. The aqueous phase
was drained and acidified with concentrated HCL The acidified aqueous
phase was subsequently back-extracted with 100 mL of HPLC methylene
chloride which was then drained and allowed to evaporate. The residue was
dissolved in 2.0 mL HPLC THF for analysis.

Bla, E iements were performed aording to the method described in
appendix Y of the Aviation Fuel Lubricity Evaluation published by the
Coordinating Research Council, Inc.

RESULTS

Figure 1 is an HPLC chromaoram of a base extract from a typical JP-5
jet fueL The active ingredient of the lubricity enhancer additive, DLA,
has an elution volume of 5.85 mL. The DLA component has a molecular weight
of 562. This material is prepared by a 1,4- cycloaddition (Diels-Alder)
reaction of two linoleic acid molecules. The product is a monocyclic
cpound with a molecular weight twice that of linaleic acid. It possesses
two carboxylic acid moieties which are the points of attachment to the
active surface sites.

The peak that elutes at approximately 5.4 mL corresponds to
trilindleic acid (TM. The TLA camponent, which is also a product of the
Dils-Alder reaction, has a molular weight of approximately 840. It may
pii~inther a partially unsaturated fused dicyclic ring structure or
two isolated partially saturated cyclohexyl rings.

The components with eluticn volumes of approximately 6.5 mL and 7.0 mL
correond to naturally occurring base extractable materials. These peaks
are designated regions 3 and 4 respectively. These peaks can be clearly
sen in Figure 2. The components that elute in what are designated regions
3 and 4 are believed to play a significant role in the inherent lubricity
of jet fuel as measured by the BOCLE. Earlier work has shown a relation
between te 1 resence of these components and BOCLE measuredlubricity.l " - =  In general, as the concentration of components that
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Selute in region~s 3 and 4 increase, the lubricity of a fuel sample measured
by the BOCLE increases.

While performing routine analyses of jet fuel samples, an interesting
change in the fuel sample was noted. A series of JP-5 field samples were
analyzed for base extractable material. After nine months of ambient
storage, these same samples were analyzed a second time. It was found that
the amount of base extwcable material that elutes in regions 3 and 4 had
increased. Table 1 lists the peak heights of regions 3 and 4 before and
after nine months of ambient storage.

BOCLE analyses were run to determine if there had been a concomitant
change in lubricity. Since these were actual field samples of JP-5 jet
fuels and, therefore, cotained the mandatory lubricity enhancer additive,these fuel samples were all considered to be high lubricity fuels
originally. I was found, however, that lubricity had increased. Previous
work with an early version of the BOCLE yielded similar results. The
lubricity of eight additive-free JP-5 and Jet A fuel samples were measuredbefore and after 18 months of ambient storage. The change in wear scar
di measurements for these fuels are listed in Table 2. It can be
seen that the lubricity had increased in most cases. The wear scar
diameters measured are smaller than those that would be measured on theoazcut version of the BOCLE. This is a resut] of a metalurgical change in
the cylinders to increase repeatability and reproducibility.

The increase in base extractable material with a concomitant increase
in BOCLE measured lubricity is prabably a result of oxidative changes in
the fuel Free radical autcKidation mechanisms are well known and readily
ocr in se fuels. These mechansms can lead to the formation of trace
levels of carboxylic acids that are known to enhance BOCLE measured
lubricity.

The relation between lubricity and fuel composition is of great
inkterx Atteupts have bees made to correlate a number of fuel properties
to lubricity measurements with little or no suc Early work performed
byGrabel showed that straight carboylic acis wereamog the most
effective lubricity enhancers at very low concentrations., The effect
of st h chain a ylic acis on boundary lubrication is well known
and well dooimatad. It's not surprising that an corrosion inhibitor basedon carboxylic acids is also an effective lubricity enhancer. Grabel
attempted to correlate the total acid number of a fuel to its lubricity as
measured by the BOCLE. It was found that there was a relation, however, it
would not serve as a adequate prediction of a fuel's lubricity. The
conchusien is that there are acids that contribute substantially to the
total acid number that are not involved in lubricity.

Combined gas chromatography/mass spectrometry (GC/MS) was used to
identify components present in regions 3 and 4. With the knowledge of the
effect of carboxylic acids on BOCLE measurements, comparison between fuel
extracts and carboxylic acid standards were made. Both the fuel extracts
and standards were derivatized to form their trimethylsilyl analogs to
facilitate GC/MS analysis. After analysis of a standard mixture of
derivatized carboxylic acids, a variety of fuel extracts were analyzed.
Carbxylic acis were found to be present at low concentrations. These
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were identified by both GC retention time and by their mass spectra. To
aid in identification, multiple ion detection was also used for samples
with overlapping peaks. The specific alkanoic acids found ranged from
heptanoic acid (C7 ) to undecanoic acid (C1 1 ). The total concentration
of the alkanoic acids varied with different samples. In most cases the
total ccertraticn was an the order of a few parts per million. Previous
work has shown that as little as 2 ppm of added alkanoic acids can
significantly improve BOCLE measured lubricity.

In addition to the acids, the majority of the species present in the
fuel extracts were substitute alkyl phenols. Earlier work by Grabel has
shown that these matenals are not effective lubricity enhancers at low
amitratics. At higher cenatios they may, however, contribute to

BOCLE measured lubricity.

SUMMARY

The BOCLE is a useful tool in the laboratory for jet fuel lubricity
measurments. Its limitations, however, must be recognized. The test is
performed at 25"C, well below the operating temperature of aircraft fuel
systems. Compounds that exhibit a beneficial influence on lubricity in the
BOCLE test may fail at higher temperatures. The BOrTE analysis is
performed in a different lubrication regime than is t.und in current
aircraft fuel systems. This may lead to erroneous conclusions about a
fuel's ability to impart lubricity in actual fuel systems. For instance,
the BOCLE measured lubricity of a fuel is not influenced by the presence
of sulfur compounds. Jet fuel lubricity as measured by the TAFLE,
indicates that sulfur compnds increase the load limit of a fuel before
scuffing occrs. This means that the BOCLE may fail a fuel that is capable
of high loads in an actual fuel pump.

Lubricity related problems have been associated with oi,'y certain
specific aircraft. The use of the lubricity enhancer additive has been
found to exhibit any lubricity related problems. One may ask why there is

a Ccern about lubricity. In the past the Navy has had problems with
lbriity as a result of shipboard fuel handling practices. As JP-5 fuel

is depleted from shipboard storage tanks, seawater is pumped in for
ballasting. Seawater has been shown to effectively remove tl fybricity
enhancer additive by forming dicationic salts of the DLA. . This
results in jet fuel with inadequate lubricity.

Another cause for rCent lubricity problems is the lack of a lubricity
spe t . Additives used for lubricity enhancement are used, not for
their ability to enhance lubricity, but their ability to inhibit
corrosion. Of the additives qualified for use in jet fuel 7 , some are
not effective surface active lubricity enhancers.

Two recommendations as an approach to short term and long term
lubricity crncerns are as follows: First, delete the additives from the
Qualified Prdxucts List that are not found to enhance lubricity. Of the
additives remaining, select those additives that are most effective for
lubricity enhancement, are most cst effective, and are readily available.
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Seomid, design aircraft components that are not affected by the continued
use of low lubricity fuel. Long term problems with jet fuel lubricity
should be approached by hardware modificatio ncot by the continued use of
additives.
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HPLC CHROMATOGRAMS OF JP-5 FIELD SAMPLES
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TABLE 1

SAMPLE Reg. 3 Pk Hgt Reg. 4 Pk Mgt

litEn Mwim mm AM
Rooaevelt Roads 14.8 25.0 126.0 55.0

Guantanamo Bay 11.0 28.0 28.0 '200

Diego Garcia 20.0 22.0 22.0 65.0

Iorilakk Japan 4.0 4.0 3.5 11.0
GatuM, anama 12.0 15.0 24.0 '250

Caflrtns. Spain 6.0 12.0 3.6 29.0

A ae 7.6 7.0 6.5 13.0

CHANGE IN CONCENTRATION OF BASE EXTRACTABLE MATERIAL AFTER
NINE MONTHS OF STORAGE

TABLE 2

SAORGIA Wk b RPNF#ASURED WSD
0.2 mm 0.23 mm

2 0.32 mm 0.25 mm
3 0.24 mm 0.27 mm

4 0.43 mm 0.28 mm
5 0.31 mm 0.34 mm

6 0.62 mm 0
. 

mm
7 0.53 mm 0.36 mm
a 0.52 mm 0.41 mm

CHANGE IN WEAR SCAR DIAMETER MEASUREMENT FOR ADDITIVE-FREE
JET FUELS AFTER IS MONTHS OF STORAGE
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I ABSTRACT

Water is frequently present in both military and commercial
fuel systems and this occurrence may allow a select group of
microorganisms to proliferate sufficiently to produce troublesome
accumulations of particulate matter. A possible method of
dealing with this problem is to add a biocide to the fuel which
has the dual property of being soluble 'n the fuel and of

partitioning sufficiently into any water phases present to
inhibit microbial growth. Five such biocides were evaluated for
effectiveness in controlling growth of major fungal contaminants,
retention of effectiveness with storage time in fuel/water
systems, and susceptibility to inactivation by fuel tank
s sludge. A mixture of isothiozolin compounds proved effective in
controlling fungal growth at an exceptionally low concentration
of less than one part per million and, in contrast to other
compounds tested, showed no tendency to be inactivated by sludge.

INTRODUCTION

Microbial contamination of naval hydrocarbon fuels has

caused serious problems in the past ranging from filter and

coalescer blockages to corrosion from dissolved sulfur compounds

(1,2,3). The use of gas turbines to power ships has accentuated

the need for high quality fuel essentially free of particulate

matter and constituents which contribute to corrosion of turbine

blades or other engine components. Recently acute problems

appear to have been avoided by good housekeeping procedures

although the cost of dealing with contamination in terms of time

and expense for upkeep of purification equipment may sometimes be

considerable. There is a latent danger of unusual development of

microbial growth should a set of especially favorable conditions
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occur since recent surveys show that water and viable

microorganisms are always likely to exist in fuel storage tanks

on ships (3). It thus has appeared advisable to have effective

methods on hand for coping with microbial contamination exceeding

the capacity of normal purification equipment and procedures.

The use of biocides offers an obvious method of preventing

microbial growth. Biocides for treating fuel must have the

m special property of being at least slightly soluble in fuel and

of partitioning sufficiently into any water phase present to

inhibit microbial growth there. In earlier work in this

laboratory, biocides were evaluated which could be added directly

to the water phase because it appeared unlikely that any fuel-

soluble biocide could partition sufficiently into the relatively
large volumes of water existing in many ship tanks to establish

Sbi oci dal concentrations. However, fuel biocides are now

available which are inhibitory at very low concentrations and it

appeared worthwhile to evaluate certain of these in systems

relevant to the situation in ship storage tanks. An important

practical advantage would be that fuel could be pretreated with

biocide at the necessary concentration and the handling and

injection of toxic materials on ships avoided. An important

disadvantage is that any new fuel additive would have to be
examined for possible deleterious effects to engines and fuel

handling equipment.

Biocides were chosen for evaluation on the basis of

favorable results by other investigators (4), earlier studies in

this laboratory (5,6), and preliminary experiments. It was of

m particular interest to determine the storage stability of the

biocides and their susceptibility to inactivation by fuel tank

sludge because the potential naval application may require that

the biocide retain anti-microbial activity over prolonged periods

and treatment of tanks containing accumulations of

microbiological debris and fuel and water-derived particulate

matter may be necessary.

3

I 353



MATERIALS AND METHODS

Bi oci des

Table 1 shows the chemical names of the active ingredient of

the biocides tested along with the form in which they were added

to the fuel, their sources and the designations used in this

report.

Microbial Inoculum

A strain of the "kercsene fungus", Cladosporium resinae DK,

originally isolated from a contaminated ship tank was the test
organism. It was grown on Potato Dextrose Agar (Difco)

supplemented with 0.5% yeast extract. Inocula were prepared by

washing the surface of actively growing one-week old slant

cultures with a small amount of 0.05% Tween 80 in Bushnell-Haas

mineral salts medium. The resulting suspension was diluted with

additional medium to give a viable count of about 107 colony

forming units per ml.

Storage Effects

The general procedure was to challenge biocide-treated
fuel/water test units which had been stored for periods up to six

months with inoculations of fungi and then to make observations

of growth at intervals up to 15 weeks.

For this 4.0 ml of sterile Bushnell-Haas mineral salts

medium were added to 25 x 145 mm test tubes followed by an

overlayer of sterile naval distillate fuel with or without

dissolved biocide. At zero time and after 2, 4, 8, 16 and 24

weeks of storage at 260C, the water bottoms of duplicate test

units in each treatment category were inoculated with 106 colony

forming units of C. resinae (in 0.1 ml. aqueous medium) and

returned to the 260C incubator.

Effects of Sludge

m These tests were carried out at the same time in similar

test units and on the same time schedule as the storage

experiments. Three ml of aqueous medium and one ml of sludge

prepared by pooling 15 different sludge samples from storage

tanks of four ships were used. Volume estimations made after

high speed centrifugation showed that the sludge consisted of

I
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m about 33% fuel, 46% water and 21% solid sediment. The aqueous

phase had a refractive index corresponding to a sea salt

concentration of 25 ppt. The sludge was sterilized by

autoclaving. In the test units the sludge distributed itself

partly at the bottom of the tubes and partly at the fuel/water

interface leaving a clear intermediate aqueous layer.

Monitoring Fungal Growth

Visual estimates of fungal growth were made at weekly

intervals. In the presence of sludge such estimates were

sometimes difficult when only small amounts of growth were

present. Heavier growth was readily detected at the sludge/water

interface and in a water film between the fuel and the container

wall just above the interface. In doubtful cases, small samples

of the aqueous phase were examined by phase microscopy.

The rating system used was as follows:

0 = no growth

I = slight mycelial sediment

2 = formation of substantial mycelial floc

3 = floc plus some interfacial growth

4 = substantial interfacial growth

5 = fungal mat around the interface

6 = thick mat that forms a plug

RESULTS AND DISCUSSION

The two concentrations of each biocide used were selected on

the basis of preliminary tests and other information available to

give border-line control of microbial growth at the lower

concentration and complete control at the higher concentration.

Figures 1-3 show the combined results of experiments to

evaluate the effects on biocides of both storage and sludge. In

the control test units without biocide, growth of C. resinae was

rapid and prolific whether sludge was present or not (Fig. 1).

At the lower concentration levels, only biocides A and C showed

complete control of fungal growth during the 15 weeks

observation. Biocide B allowed retarded growth while D showed

only a slight inhibition. Biocide E was inhibitory in clean
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systems but completely inactivated by sludge. At the higher

concentration, fungal growth was completely controlled by all

biocides except D in clean systems.

After one month of storage (Fig. 2) biocide A allowed growth

in the presence of sludge while uninhibited growth occurred with

biocides D and E. Biocide B allowed growth in clean systems but,

in contrast with unstored systems, completely inhibited growth
with sludge. At the higher concentration levels, results in all

cases were the same as for no storage.

After six months storage (Fig. 3) at the lower concentration

levels, biocide C alone retained complete control of fungal
growth. Biocide A was uninhibitory with sludge but allowed only

slow growth without sludge. The loss of anti-fungal activity of

Biocide B in clean systems seen after one month storage was

accentuated after six months, but control with sludge was

retained. With biocide D there was also an indication of better

control in systems with sludge. Biocide E was no longer
inhibitory after six months.

After six months at the higher concentrations, biocides A

and E showed the same inactivation by sludge seen at the lower

concentration but inhibition in clean systems was complete.

Biocide D continued to show better control with sludge than

without as seen at the shorter storage times. The tapered bar

graph in this case is meant to show that only one of the

duplicate test units showed growth.

Our results with biocides A and E generally agreed with

those of Smith and Crook using a different test method (9). They

also found biocide E to be easily inactivated by exposure to

sludge and soil. However biocide A appeared more resistant to

inactivation by sludge in their experiments than in ours. These

authors also observed that low concentrations of mixtures of

these two biocides was very effective against microbial fuel

contaminants.

Considerable differences exist in the response of the

different biocides to storage and sludge. Biocides A and E were

inactivated by sludge and E, especially, did not retain activity
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on storage. Biocides B and D, on the other hand, appeared more

active with sludge than in clean systems. A number of possible

factors may be responsible for these differences. Most of the

biocides are subject to hydrolysis or oxidation and so become

inactive with time (6,7,8,9,10,11). The oil/water partition

ratios of the biocides differ and the rates at which partition

equilibrium is reached may also differ. Sludge provides

particulate surfaces on which adsorption of biocides can occur.

As an interfacial barrier, sludge may retard the rate at which

biocides diffuse from the oil to the aqueous phase and thus

prolong a biocidal concentration especially at the interface

where fungal growth tends to occur. It should also be pointed

out that in this investigation those test units to which sludge

was added had about 12% less water than those without. While all

of the observed effects could be explained on the basis of these

factors, other unidentified interactions no doubt exist. There

are insufficient data available to warrant speculative

explanations concerning specific biocides.

Biocide C completely inhibited fungal growth at the lowest

concentration (1 ppm) of any biocide evaluated; effectiveness at

this low concentration was maintained with storage and in the

presence of sludge. There is evidence that this biocide

Iundergoes slow hydrolysis (7,8) which would reduce anti-microbial

activity. Evidently it would be necessary to use still lower

concentrations than used here to detect any loss in activity

with storage time from this effect. The favorable results

observed here with this biocide justify further evaluations of

its application limits. Its effectiveness at lower

concentrations and in the presence of thick deposits of sludge

would be of particular interest.
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Fuel-soluble biocides for control of Clalosporium resinae in
hydrocarbon fuels
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Five fuel-soluble biocides - a benzimidazole fungicide, an organoboron. a p. ridinethione and two iso-
thiazolone products - were evaluated for inhibition of a typical hydrocarbon fuel contar. inant. Cladosporium
rCsna(,. in fuel water systems. The biocides exhibited marked differences in anti-fungal activity with storage
and in the presence of sludge. A methylchloro methyl-isothiazolone mixture prevented growth of the fungus
at a concentration of one part per million and, in contrast to other biocides tested, showed no tendency to
be inactivated by storage or the presence of sludge.

INTRODUCTION Biocides offer an obvious method of preventing
microbial growth. Earlier worK in this laboratory

Microbial contamination of hydrocarbon fuels emphasized biocides which could be added directly
can cause operational problems ranging from cor- to the water phase. because it appeared unlikely
rosion to filter plugging wherever the presence of that fuel-soluble biocides at acceptable concentra-
water offers the opportunity for growth [3]. On na- tions could partition sufficiently into a relatively
sal ships. water is invariably present in fuel storage large volume of water to reach a biocidal concen-
tanks as a result of condensation or deliberate ad- tration there [6-8]. The present study was under-
dition as ballast [5.14]. Because microbial contam- taken because fuel-soluble biocides which are in-
i nation occasionally causes problems which are time- hibitorv at very low concentrations are now avail-
consumirg and expensive to correct. it has been able. and it appeared worthwhile to evaluate certain
considered advisable to have effective methods on of these in systems relevant to the situation in ship
hand for coping with acute situations which may storage tanks. An important practical advantage in
arise in the future. the use of fuel-soluble biocides would be that fuel

could be pretreated with biocide at the necessary
concentration, and the handling and ijcino

Prl,,cnt addres I)epartment ol Hiolog. (eore Mason L n- c injection of

'crsit. Fartax. %A 22030. L.S.A toxic materials on ships could be avoided.
Orrespondence Dr R A\ Neihol. NaaL Research Laborator\. Choices of biocides for this stud,, %ere made on

\k ashinion. )( 203r5-5XH). t S A the basis of the work of other investigators
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[2.3.11.15,17.18]. previous studies in this laboratory concentration. These concentrations were calculat-

[6-8] and preliminary experiments. For compari- ed on a weight basis (wiw).
son. a widely used fuel biocide was included. The
anticipated applications required that emphasis be Test organism
placed on determining the 3tability of the biocides Cladosporium resinae DK. originally isolated
with storage in fuel/water systems and their suscep- from a contaminated ship tank. was grown on Po-
tibility to inactivation by fuel tank sludge. The fun- tato Dextrose Agar (Difco, Detroit. MI) supple-

gus. Cladosporium resinae, was chosen as the test mented with 0.5% yeast extract (Difco). Inocula
organism because it is ubiquitous in fuel systems were prepared by washing the surface of actively
and is recognized as a significant source of parti- growing 1-week-old slant cultures with a small

culate contamination [3.141. Additional screening amount of 0.05% Tween 80 in Bushnell-Haas min-
studies are in progress with mixed bacterial inocula eral salts medium [1]. The resulting suspension was
containing sulfate-reducers, a well-known cause of diluted with additional medium to give viable

sulfur contamination in stored fuels. counts of about 10" colony-forming units per ml.

Test systems
MATERIALS AND METHODS The general procedure was to challenge biocide-

treated fuel/water test units which had been

Biocides stored for periods of up to 6 months in the presence

Table I shows the sources, letter designations, and absence of sludge with inoculations of fungi

and active ingredients of the biocides used; Fig. I and to monitor growth thereafter.
shows the chemical structures. In the test systems To test the effect of storage, 4 mi of sterile Bush-

described below, biocides were added to autoclave- nell-Haas mineral salts medium [1] were added to

sterilized naval distillate fuel. Two different con- 25 x 145 mm test tubes and overlaid with 40 mi of
centrations of each biocide were selected to give sterile naval distillate fuel with or without dissolved
border-line control of microbial growth at the lower biocide. At zero time and after 2. 4, 8. 16 and 24

concentration and complete control at the higher weeks of storage at 26"C. the water bottoms of du-

Table I

Biocides tested

I Biocide Active ingredients Stock solution Source

designation

A I-(Butylamino)carbonyl-'H-benzinmdazol- 5% in dimethyl formamide DuPont

2-yl carbamuc acid methyl ester + 2.5/, butyl isocyanate

B Mixture: 2.2'-oxybis-(4.4,6-trimethyl- 95% in petroleum naphtha U.S. Borax
1,3.2-dioxaborinane) (27.4%) and

2.2'( I -methyltrimethylene dioxy)bis-
(4-methyl-1.3.2-dioxaborir: ne) (67.6%)

C Mixture: 5-chloro-2-methyl-4- 1.5% in dipropylene glycol Rohm and Haas
isothiazolin-3-one and
2-methyl-4-isothiazolin-3-one

D 2-N-octyl-4-isothiazolin-3-one 45% in propylene glycol Rohm and Haas

E Tertiary butylamine pyridinethione 1.69% in propylene glycol Olin
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Fie. I. S!ructural formulae of biocides tested.

plicate test units in each treatment category were timates of fungal growth were made visually using
inoculated with 10" colonv-forming units of C. re- a numerical rating from one to six as given in Fig.
Vinae. 2. In previous investigations using a similar system.

Tests to determine the effects of sludEe were car- it was shown that reproducible results could be oh-
ried out at the same time in similar test units and tained when ratings were made in a consistent man-
on the same time schedule. Forty milliliters of fuel ner by the same person: biomass approximately
werc dispensed over 3 ml of mineral salts medium doubled for each unit increase in rating [121. Oc-
and I ml of sludge containing solid matter which casionallv. to confirm doubtful cases, small samples
distributed itself partly at the bottom of the test of aqueous phase were removed and examined by
units and partly at the fucl water interface, leaving phase contrast microscopy.
a clear intermediate aqueous layer. The sludge was
prepared by pooling 15 different sludge samples
from storage tanks of' four ships. and consisted of RESULTS AND DISCUSSION
33" oil. 46%0 water (estimated from refractivc in-
dex to contain 25 ppt sea salt) and 21"o sediment. Growth of C. resinwa' was rapid and prolific in
It was sterilized by autoclaving prior to use. Inocu- control test units without biocide whether sludge
lation. duplication, incubation and storage were as was present or not (Fig. 2). When biocide-contain-
described above for non-sludge-containing units. ing test units were inoculated without prior storage.

The test units -were examined each week and es- only biocides A and C showed complete control of



No STORAGE After I month of stora,,e. biocide A allowed
A a C D E NO

I I S I 70 , pp. , , I OCIDE growth in the presence of sludge. while uninhibited
41 i ' growth occurred with biocides D and E. Biocide B

3 allowed growth in clean systems but. in contrast
2 with unstored systems. completel\ inhibited ,rowth

-5 5 1 5 5 1 , 2 with sludge. At the higher concentration levels (da-
WE,,S A-,R,,,,C,,Lno,, ta not shown in Fig. 2). no growth occurred with

ONE MONTH
AN B c E any biocide with the exception of D which allowed
VI1: ;l I 0 '2V11 the same growth ratinu of three in 5 "eeks, time

4 L5,!i {.i: after inoculation as in the case ,with no storagc.
After 6 months of stora,,e at the lower concen-

1 !J . tration levels. biocide C alone retained complete
' ' .. 7 .. ... '' 5 ' Is 5 '5 control of fun,,al ,rowth. Biocide A was uninhibi-

':- Lf ON tory with sludge but allowed only slo, groxth
SIX MONTHSS I c X E without sludge. The loss of anti-funzal activit\ of

11 270 poo 1 pr 5 pp. 1p

" biocide B in clean s\stems seen after I month of
storage was accentuated after 6 months. but control

2 with sludae was retained. With biocide D there was

151also an indication of better control in systems with5 Is 5 5 15 1 5 is 1 5 Is 1 5 15

WES-AFTER NOCULno sludge. Biocide E was no longer inhibitory after 6
SIX MONTHS months.

A B C 0 E

10 plm 50 pm 10 6p1 10 pfm 10 p After 6 months at the hieher concentrations.
biocides A and E showed the same inactivat Ion b\

3 -, 71. sludge seen at the lower concentration but inhibi-
*,I/I , EI tion in clean systems was complete. Biocide D con-

S , s 1 5 s 1 5 15 1 5 15 tinued to show better control with sludge than with-
WEEKS FR INOCLULATON out. as seen at the shorter storage times. The

Fig. 2 Cirowkth of C, rex/fac inoculated at zero time and after
I-monih and 6-month storaL'e of fuel ,afer sstems treated Aith tapered bar graph (Fig. 2) in this case is meant to
hocides-A E.. ,,ithout sIudg. %,ith slude. Gros th show that only one of the duplicate test units
ratings: (I = no gro%,th. I slight mcehal sediment. 2 = Ior- showed growth, an exception to the otherwise gen-
mation of'substantial mycelial floc. 3 = floc plus some interfacial eral agreement of duplicates.
gro.kth. 4 substantial nterfacial growth. 5 = fungal mat at Considerable differences clearly exist in the re-
nterface. 6 = thick mat at iterface. sponses of the different biocides to storage and

sludge. A number of factors may be responsible.
fungal growth at the lower concentration levels. Most biocides are subiect to hydrolysis or oxidation
Biocide B allowed retarded growth. which is not and therefore become inactive with time
unexpected since it is not intended for situations [4.9.10.13.17.19]. The oil water partition ratios of
where the water fuel ratio is so high. Biocide D the biocides differ and the rates at which partition
showed only a slight inhibition. Biocide E was in- equilibrium is reached may also differ. Sludge pro-
hibitory in clean systems, but completely inactivat- vides particulate surfaces on \hich adsorptionand
cd in systems containing sludee. At the higher con- or inactivation of biocides can occur. As an inter-
centrations with no storage (data not shown in Fig. facial barrier. sludee ma, retard the rate of biocide
2). fungal growth was completely controlled by all diffusion from the oil to the aqueous phase and
biocides except D which allowed a growth rating of thus. as may be the case with biocides B and D.
three in clean systems only 5 weeks after inocula- prolong a biocidal concentration at the interface
tion. where fungal growth is most likely to occur. It
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CONTROL OF SULFATE-REDUCING BACTERIA IN HYDROCARBON FUEL TANKS

GEORGE ANDRYKOVITCH*, GeoCenters, Inc. and George Mason University,

Fairfax, VA 22030, USA

REX A. NEIHOF, Naval Research Laboratory, Washington, DC 20375, USA

I INTRODUCTION

Most of the problems originating with microbial deteriogens of fuels

stored on naval ships or in land based tanks have arisen from fungi or

sulfate-reducing bacteria. Fuel degrading fungi contribute to particulate

matter and sludge and sulfate reducers produce fuel soluble sulfides and

sulfur. Both groups of microorganisms contribute to corrosion.

Although the effects of microbial fuel contamination can be

satisfactorily controlled by minimizing the presence of water and

maintaining the purification equipment, other measures may occasionally be

needed. The use of biocides provides one obvious solution and a number of

studies have been published concerning their effectiveness especially with

fungi (Nelhof et al., 1982; Smith and Crook, 1986; Morchat et al.,

1986). In earlier work, we have evaluated several promising biocides for

control of fungi: the effect of seawater and sludge on biocidal activity

was also examined (Andrykovitch and Neihof, (1987a). In this paper we

report on the results of studies using three of the same biocides to

control sulfate-reducing bacteria.

The disadvantages of using biocides are their expense and the

potential hazards to personnel and to the environment. We have explored a

possible alternative which would be less objectionable, namely,

alkanization of the aqueous phase in contact with the fuel (Mdrykovitch

and Neihof, 1987b). This approach has already been explored for

controlling the growth of the fuel fungus. Amorphotheca (Cladosporium)

resinae, with some success (May and Nelhof, 1981). In test systems

consisting of equal volumes of fuel and buffered aqueous media, fungal

growth could be completely controlled if a pH of 9 or more was

maintained. The present study extends this approach to the control of

sulfate-reducing bacteria.
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MATERIALS AND METHODS

Blocides

The biocides were all widely used commercial products and included a

mixture of dioxaborinanes [2,2'-methyl-trimethylenedioxy-bis-(4-methyl-

1,3,2-dioxaborinane and 2,2'oxy-bis-(4,4,6-trimethyl-I ,3,2-dioxyborinane ;

a mixture of 5-chloro-2-methyl-isothiazolin-3-one and 2-methyl-4-

thiazolin-3-one; and tertiary butylamine pyridinethione. The

manufacturers' data were used to calculate the amount of biocide needed to

attain the desired concentration in the fuel. Concentrations were

expressed as parts per million (ppm) of active ingredient by weight in the

fuel.

Bacterial Cultures

A mixed culture of anaerobes and aerobes including sulfate reducing

bacteria was obtained from a sample of fuel tank sludge by inoculation

into Sisler's triple strength medium (Sisler and Zobell, 1950). The

culture was maintained by periodic transfer to the same medium. A

dsulfate-reducing bacterium, designated NRL-9 and tentatively identified as

a strain of Desulfovibrio desulfuricans was isolated from the same sludge

using the roll tube technique (Hungate, 1969).

Suspensions for inoculation of test units were prepared by growing

the organisms at 26 0 C in Postgate's Medium B (Postgate, 1963) which

contained 0.01 percent each of sodium thioglycollate and ascorbic acid as

reducing agents. The actively motile cells were harvested by

centrifugation at 5000 rpm and washed in sterile seawater (SWR) containing

the same concentrations of reducing agents as the growth medium. The

washed cells were resuspended in SWR to a density of 10-108 per ml.

Test Units

Duplicate 50 ml tubes with screw caps gasketed with Teflon were used

for each test condition. ,h equal volulme of autoclaved marine diesel

fuel with or without biocide was layered over 25 ml of Medium B buffered

to the required pH by addition of 0.1M 2-(N-cyclohexylamino) ethane-

sulfonic acid (CHES, Sigma). The pH of the medium was readjusted to the

desired value after autoclaving. Test units were inoculated with 0.5 ml

of washed cell suspension, incubated at 260 C, and observed for turbidity

and the appearance of the black iron sulfide precipitate indicative of

sulfate reduction.

The test units were monitored for up to 3 months, although no changes

were generally noted after two weeks of incubation. Invariably test units

that showed no blackening were found to be devoid of viable sulfate

reducing bacteria when a portion of the aqueous phase was transfered to
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fresh Medium B or Sisler's medium. Duplicate test units agreed in all

cases.

RESULTS AND DISCUSSION

Biocide Evaluation

Table 1 summarizes the results with biocides. Clearly the mixture of

isothiazolones was effective at the lowest concentrations. The minimum

inhibitory concentration was different for the dioxaborinanes depending or.

whether the pure culture or the mixed culture was used. The reasons for

this are not known but the complex interactions possible in mixed cultures

could be readily responsible.

Evaluations made several years ago in this laboratory (Klemme and

Neihof, 1969) of the dioxaborinanes and the pyridinethione in controlling

the growth of a mixed culture containing sulfate reducers are difficult to

compare with the results here because biocides at that time were added

directly to the aqueous phase; the culture was also different and the

media were less favorable for sulfate reducer growth. Assuming that most

of the biocide initially in the fuel phase in the present work eventually

partitioned into the water phase where microbial growth takes place, it

appears that the concentration of the dioxaborinanes necessary for control

was similar to that found for the earlier work, namely 10,000 to 15,000

ppm. However, the pyridinethione failed to show any control at

concentrations that were effective in the earlier studies. This may be

due to the more favorable growth medium used here and possibly to the

susceptibility of this biocide to inactivation by the reducing conditions

imposed by Medium B.

It can be seen from a recent study (Andrykovitch and Neihof, 1987a)

that all of the biocides used here were effective at lower concentrations

in controlling the fuel fungus, A. resinae, than they were in inhibiting

sulfate reducers. The mineral salts medium used with fungi was probably

relatively poor compared to the medium used here for sulfate reducers.

Also, given the tendency of A. resinae to grow at the water/oil interface,

it may be that the diffusion of biocide from oil to water may keep the

interfacial concentration of biocide sufficiently high to be lethal or

inhibitory to fungi there. Sulfate reducer cultures do not show this

preference for the interface.

Any recommendation for a choice of biocides for use in fuel storage

tanks will have to await more realistic tests, but the low effective

concentration of the isothiazolones against both fungi and sulfate

reducers and their resistance to inactivation by sludges as shown by

Andrykovitch and Neihof (1987a) makes this biocide look very promising.
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Table 1. Comparison of the Effects of Biocides on Sulfate-reducing

I Bacteria and A. resinae in Test Tube Systems.

Biocide Concentration Organism

(ppm) NRL-9 Mixed Culture A. resinaea

Mixture of 1500 + + 0

Dioxaborinanes 3000 + + 0

10000 0 + 0

15000 0 0 0

Mixture of 1 + + 0

Isothiazolones 25 + + 0

50 0 0 0

100 0 0 0

Tertiary 10 + + 0

Butylamine 50 + + 0

Pyridinethione 100 + + 0

200 + + 0

S+ - growth; 0 = no growth

aData from Andrykovitch and Neihof, 1987a.

I Table 2. Comparison of the Effect of High pH on Sulfate-reducing

Bacteria and A. resinae in Test Tube Systems.

pH of Aqueous Phase Organism

i NRL-9 Mixed Culture A. resinaeb

7.6 + + +

8.1 + + +

8.6 + + +

9.1 0 0 0

9.6 0 0 0

+ = growth; 0 = no growth

b Data from Andrykovitch and Neihof, 1987b.
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Alkanizat ion

Table 2 shows the results of the experiments to determine the pH

level necessary to prevent sulfate reducer growth. The initial pH values

are shown. Decreases of as much as 0.8 to 0.9 unit at pH 8.6 were noted

in the early weeks of incubation with added bacteria. These -decreases

were less (0.0 to 0.4 unit) at higher and lower initial pH values.

Uninoculated controls underwent no reduction in pH greater than 0.2 unit.

No growth of NRL-9 or the mixed culture occurred at pH 9.0 In

numerous trials with both cultures, the critical pH at which growth was

controlled lay consistently between pH 8.6 and 9.1. This low value is not

in agreement with other reports that a pH of 10 failed to stop the growth

of sulfate reducers (Klemme and Neihof, 1969). The explanation for this

discrepancy may lie in the different culture used here and the

peculiarities of Medium B which contains a heavy precipitate.

In view of the fact that a pH of 9.0 appears to control the growth of

fungi (Andrykovitch and Naihof, 1987b) it may be that a rather modest

increase in aqueous pH would be sufficient to control the biodeteriogens

of fuel. Other aspects of the approach which need to be examined are the

effects of alkanization on the emulsification of water in contact with

diesel and other fuels which may contain emulsifying constituents. The

most suitable basic compound for increasing the pH with the least

likelihood of creating particulate matter or promoting corrosion would

also need to be determined.

SIJOARY

Three fuel-soluble commercial biocides (a mixture of dioxaborinanes,

a mixture of isothiazolones and a pyridinethione) were evaluated for their

effectiveness in controlling growth of a pure culture of sulfate-reducing

bacteria and of a mixed culture containing sulfate-reducers in fuel/water

test tube systems. The mixture of isothiazolones was effective at the

lowest concentration.

AM investigation was also made of the inhibiting effects of raising

the pH of the aqueous phase on sulfate reducer growth. Growth of both the

pure and mixed cultures was inhibited as the aqueous pH approached 9.0.

Because the major fungal contaminant of fuels was found in earlier studies

to be completely inhibited by the biocide concentrations and alkaline pH

which stopped growth of sulfate reducers, it appears that eit • of the

treatment methods would be promising for control of the major

I biodeteriogens of hydrocarbon fuels.
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E. SHIPBOARD ATMOSPHERIC MONITORING FOR COLLECTIVE

PROTECTION APPLICATIONS

Louis Isaacson (1) and Robert E. Pellenbarg (2)

ABSTRACT

The U.S. Navy supports a shipboard atmospheric character-
ization task to identify potential challenges to shipboard
Collective Protection Systems (CPS). Surface ships with special
tasks or missions are being examined as a part of this task.
To assist in meeting the task objectives, external locations
on-board an aircraft carrier were selected for monitoring
ambient atmospheric particulate and vapor levels under a variety
of operational conditions. Charcoal packed sorbent tubes and
small pore membrane filters were used to trap vapors and
particulates, respectively. Particulates were analyzed using
"ptical microscopy and vapors were identified by GC and GC/MS.
43mall, solid particles detected include carbon, sea salt and
corrosion remnants. Vapors detected include Freons, hydro-
carbons associated with jet fuel and chlorinated hydrocarbons.

INTRODUCTION

Collective Protection Systems (CPS) used by the Navy are
designed to protect internal ship spaces from the introduction
of toxic and lethal chemical compounds. The use of CPS allows
Naval personnel to work/operate during periods of attack that
could include the use of toxic materials such as chemical and/or
biological agents. In order to properly assess the efficiency
of performance of CPS, it is important to know the particulate
and vapor challenges these systems will encounter. Thus, the
U.S. Navy supports a "Shipboard Atmospheric Characterization
Task" that seeks to identify the potential challenges (routine
and non-routine) faced by the CPS, as well as the potential
sources of these challenges. Surface ships (i.e., platforms)
that perform special tasks or missions are candidates for
sampling and/or monitoring within this characterization task.

This paper outlines the results obtained from particulate
and vapor monitoring performed aboard an aircraft carrier. In
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addition, the analytical results for the vapors collected from
this shipboard monitoring are compared with analytical results
from filter media used in longer-term CPS applications.

EXPERIMENTAL AND ANALYTICAL METHODS

Figure 1 is a schematic of the sampling system used to
collect both vapors and particulates. Because of shipboard
space limitations, the sampling system was kept as simple and
compact as possible.

Figure 1: Schematic of the Particulate and Vapor Sampling
System

PARTICULATES

Inlet
Cone

Pump [ Assembly

Used to check/monitor flow

VAPORS

Diaphragm Sorbent Rotameter
Pump Tube(s)

Maximum Used to check/
of 2 monitor flow

Particulate Collection

For particulate collection, the sampling train consisted of
a filter assembly and a rubber diaphragm pump. The filter
assembly consisted of a filter holder designed to support stand-
ard 47 mm diameter cellulose acetate membrane filters and a
Teflon cone to control sample introduction. Two filters of
differing pore size were employed back-to-back in each holder to
effect two stage particle separation. The pore size of the
front filter was 0.8,1;m and the rear filter was 0.45 tm.

A Nikon phase contrast microscope, with magnification
between 25 and 400, was used to examine the captured particu-
lates. A calibrated reticle eyepiece was used to determine
particle size.
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Vapor Collection

For vapor collection, the sampling train consisted of a
sorbent packed sampling tube(s) and a diaphragm pump. Each
individual sorbent sampling tube contained two sections (i.e.,
front and rear). Coconut charcoal served as the adsorption
medium. A maximum of two sorbent tubes in series was used.

Each section of an individual sampling tube waa separately
prepared for analysis. Preparation consisted of extracting the
adsorbed chemicals from the sorbent with carbon disulfide (CS2).
A Varian gas chromatograph was used to initially screen and
identify c mpounds in the extracts and a Hewlett-Packard gas
chromatograph/mass spectrometer was used to confirm a compound's
presence. Table 1 lists the conditions used for the two
instruments.

TABLE 1
Conditions For The Two Analytical Instruments

INSTRUMENT: Varian Hewlett-Packard

MODEL 3700 5710A/5980A

COLUMN 0.21 mm, 50 m, 0.31 mm, 50 m,
OV-101, capillary SP-2100, capillary

OVEN TEMPERATURE Programmable, 4 Programmable, 1'
min @45C, 5 deg/ min @50C, 4 deg/
min to 260C min to 220C

DETECTOR FID MS

CARRIER GAS Helium Helium

FLOW 60 ml/min, 60 to 60 ml/min, 60 to
(through column) I split, I ml/min I split, I ml/min

RESULTS AND DISCUSSION

Particulates

The particulates observed were carbon particles, sea salt
crystals, metal fragments, yellow crystals and rust colored
particles. The majority of the particles were carbon, less than
0.25L-m in size and were deposited on the 0. 8 ,,&w filter. Some
carbon particles in the 0.25 to 0.75,.Am size range were also
observed. Carbon particles greater than 1l^m were not observed
on any of the samples.
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IVarying sizes and shapes of sea salt crystals were also
observed. The largest sea salt crystal was 9LLm x 16.5 LLm.
The metal fragments were all less than 5 Lrm.

Individual particles were observed on filters from the
majority of sampling locations. Mixing between different types
of particles was evidenced in samples from a minority of loca-
tions. For example, in these minority of samples, sea salt
crystals overlain with carbon particles were observed. These
samples were representative of sites located away from direct
aircraft exhaust. High volume sampler data is needed to
validate and extend the measurements obtained to date.

Vapors

Figures 2 to 4 reproduce some of the chromatograms obtained
from the CS2 extracts. Movement of adsorbed chemical species
through the sorbent tube is illustrated by Figures 2 and 3.
Figure 2 is the chromatogram of the CS2 extract from the front
section and Figure 3 is from the rear section of the same
sorbent tube. Notice that the rear section of the sorbent tube
contains chemical species (see Table 2) not contained in the
front portion. This is a good illustration of movement of
adsorbed species through the sampling tube during the sampling
period.

C$2
Freon 12

Fiq. 2: GC of CS2 Extract

From Front Section of

Carbon Sorbent Tube

(Sample A7-71-F)

Freon 113 i H

Freon 
Z

Fliq. 3: GC of CE2 Extract

From RAr ec Lon of
Carbon Sorbent Tube

I peAT-7-IR)
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C9 CIo Cili C12 C13 4

From .I~k. A I

Fiq. 4: GC Of CS2 Extract

From Carbon Sorbent Tube
(Sample AS-7-F)

Table 2 lists the compounds preliminarily identified from
the sorbent tube sampling (e.g., Figures 2 to 4, as examples).
Also given are the elution times and potential sources. These
compounds can be associated with jet-fuel (JP-5); cleaning,
aircraft repair and maintenance (Freon and chlcrinated hydro-
carbons) and aerosol can propellants (Freons). These compounds
and the observed particulates represent some of the potential
challenges to collective protection systems.

TABLE 2
Preliminary Compound Identification And Potential Sources

Compound Elution Time (min) Potential Source

CF2C12 (Freon 12) 3.0 - 3.1 ACP

Freon (?) 3.16

Freon (?) 3.2 - 3.25

C2F3C13 (Freon 113) 3.25 - 3.35 CRM

CS2 3.4 - 3.5 (EXTRACTANT)

C2C13H3(1,1,1) 3.98 CRM

? 4.3

C2C13H 4.76 CRM

Aliphatic Hydrocarbons 10.45 - 26.4 JP-5 FUEL
(C9 to C14) (10.45, 13.95,

17.4, 20.63,
23.6, 26.4)

ACP = Aerosol Can Propellent
CRM = Cleaning, Aircraft Repair and Maintenance
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Comparison of the carrier sampling results with analytical
results from filters In-service for extended periods (i.e.,
however, not the same type of platform) do indicate differences.
Particularly noteworthy is the absence of the most volatile
compounds (Freon 12, 113, etc.) from the in-service filter
results. The chlorinated hydrocarbon 1,1,1 trichloroethane is
present in both environments, but appears greatly diminished in
the filter environment. In the filter environment, xylene and
JP-5 hydrocarbon components are the most prevalent compounds
identified. To resolve the differences observed, it is recom-
mended that both short-term atmospheric sampling and long-term
atmospheric filtration be accomplished on the same platform.

* REFERENCES

1. GEO-CENTERS, INC., 4710 Auth Place, Suitland, MD 20746.
2. Naval Research Laboratory, Code 6180, Washington, D. C.

20375.
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CHARACTERIZATION OF CONTAMINATED AIR PURIFICATION CARBONS

Robert A. Lamontagne (1), Louis Isaacson (2),

and Richard A.Matuszko (2)I
I ABSTRACT

This study had two objectives; namely, identificttion of analytical
methods for and characterization of air purification carbons exposed to
contaminated environments. The two carbons examined were in an oceanicenvironment for periods of 7 and 31 months. Each exposed carbon filter was
separated into three fractions perpendicular to the air flow. The
analytical methods selected for characterizing the carbons include weight
loss/density, pH, GC, GC/MS, DSC,TGA, and DMKP vapor challenge.
Significant differences are observed both among the three fractions
(intrasample) and between different in-service carbons (intersample). Thechanges observed as functions of time.and location within the filter haveimportant implications for shipboard air purification applications.

INTRODUCTION

IThe US Navy is planning and designing for increased use of CollectiveProtection Systems (CPS) onboard surface ships. These systems will be used
to provide purified (filtered) air to'internal ship spaces to maintain
operations during attacks that could utilize CB agents. Prototype CPS use
impregnated activated carbon and HEPAIfilters to remove vapors and
particulates from influent air streams before passage to the inner ship
spaces. However, the air In a shipboard environment can also contain
potential filter contaminants from sources such as cleaning and maintenanceoperations, power plant operations, aircraft operations, missile firings,
gunnery rounds, fires, etc. The impact of/from these challenges must also
be identified if the Navy is to correctly predict the lifetimes and
limitations of the HEPA and charcoal filters.

This study had two objectives: 1) selection of methods for carbonanalysis, and 2) characterization of in-service air purification carbons.
The initial group of analytical methods selected for carbon
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characterization-were pH,-gas-chromatography-(GC),-gas-chromatography/mass.
spectrometry (GC/MS), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), weight loss, and single/multiple vapor
challenge tests. These tests have been used to characterize selected
weathered and reference carbons.

The characterization of the two weathered TEDA impregnated ASC
Whetlerite carbons (N-117 and # 9079) reported in this paper are from the
USS BELLEAU WOOD prototype CPS. These carbons were removed from their
containers in three layers perpendicular to the direction of air flow
through the carbon bed. These layers have been designated as inlet (I),
center (C) and outlet (0). The layered removal allows for examination of
the filter medium for differences (i.e., contaminant distribution,
adsorbent changesetc.) within the filter.

EXPERIMENTAL PROCEDURES

WEIGHT LOSS: Fifteen gram samples of the selected carbons were
placed in a Blue M box type muffle furnace at 150 deg.C for three hours.
The samples were removed, cooled in a desiccator and reweighed. The
difference in weight reflects primarily the loss of water from the sample.

GAS CHROMATOGRAPHY (GC) AND/OR MASS SPECTOMETRY (GC/MS): The
atmospheric species adsorbed on the carbon during service were determined
using GC and/or GC/MS. The GC utilized was a Varian Model 3700 with a
flame ionization detector (FID). The GC/MS was an HP 5710A GC interfaced
with an HP 5980A MS. The GCs, which were temperature programed, utilized
either a 50 m OV-101 or a 50 m SP-2100 capillary column. Sample
preparation consisted of adding 0.6 gm of carbon to 3 ml of carbon
disufide. One microliter of the sample was injected into the GCs which
were set with a 60 to I split ratio.

VAPOR CHALLENGE: The laboratory generated vapor challenges were
controlled using an IBM PC-AT interfaced with an ISAAC 12000 data
acquisition unit (Ref.3). The vapor challenge system was composed of air
sources, bubblers, mass flow controllers and a Perkin Elmer Sigma 2000
capillary GC with FID. The adsorbent weight/volume was standardized by
employing a 5.1 cm carbon bed depth in the sample module. Dimethyl-methyl
phosphonate (DMMP) was employed as the vapor challenge.

THERMAL ANALYSIS (TA): TGA measures the weight loss of a sample as a
function of temperature. DSC measurements determine the quantity of heat
that carbons are able to absorb as a function of temperature. The DSC and
TGA analyses were performed on a Perkin-Elmer System 7 Thermal Analysis
(TA) system. A sample size of approximately 20 mg was used.

pH MEASUREMENTS: For pH determination, a I gram sample of carbon
was added to 25 ml. of low megohm distilled water and the pH determined
using an Orion Model 401 IONALYZER with a Fisher Pencil Combination 0-14 pH
electrode. Stirring of the sample was accomplished with a Fisher Thermix
Stirrer.
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RESULTS AND DISCUSSIONS

The two carbons that have been characterized were in an oceanic
environment for periods of 7 (N-117) and 31 (# 9079) months. Both samples
are TEDA impregnated ASC Whetlerite carbons. As seen in Table 1, there is
a noticeable difference in the weight loss between the layers of each
sample as well as between the samples. These two carbons were removed from
the USS BELLEAU WOOD CPS at the same time so they experienced the same
conditions over the last seven months (lifetime of N-117). The major
weight loss is presently attributed to water found on the carbon. A
portion of that weight loss is also due to the low molecular weight
materials which can volatilize under the conditions of the weight loss
experiments. The interesting feature to note is that there appears to be
less water loss from the inlets of both samples and also a smaller weight
loss for # 9079 in general. This is consistent with the fact that those
portions of the carbon samples having a higher loading of adsorbed
hydrocarbon materials should have less remaining capacity to adsorb water.

The GC measurements of the carbon disulfide extracts of N-117 and #
9079 clearly indicate that the identified adsorbed species (confirmed using
GC/MS) are not homogeneously distributed within the filter. These adsorbed

species can be classified into four chemical classes; namely, aliphatic
hydrocarbons, aromatic hydrocarbons, halogenated alkanes/alkenes and
substituted cyclohexanes/cyclohexenes. The chromatograms in figure 1
illustrate the differing chemical species on the three N-117 fractions.
The least volatile compounds, including aliphatic C9 to C16 hydrocarbons
(nonane to hexadecane), xylene and substituted aromatics, etc. are
contained in the inlet fraction. The more volatile toluene, chlorinated
alkanes and some aliphatic and aromatic hydrocarbons found in the outlet
fraction are ready to be swept out of the filter.

Figure 2 illustrates essentially the same results for carbon # 9079 as
for N-Il7 except that the adsorbed materials have migrated further into the
carbon bed. Many of the heavier hydrocarbons found on the inlet portion of
N-i17 are now found in the center portion of # 9079. The same is true for
the comparison between the center and outlet portions.

Differential Scanning Calorimetry (DSC) has been found to yield
information about changes that have occurred on weathered carbons compared
with unweathered reference carbon samples. All weathered carbons have
dramatically increased endotherms compared with the unweathered reference
carbons. Figure 3 illustrates the difference in heat absorption between
weathered # 9087 and unweathered # 9039. Carbon 9087 is representative of
a mixed 9000 series weathered carbon. The endotherm between 75 and 115
deg.C in # 9087 is probably associated with the 15 to 20% water content in
the sample, while # 9039 contains 2 to 5% water. Between the two samples
there are also differences due to the amount of adsorbed hydrocarbons.
Other changes accounting for the steep heat absorption behavior above 125
deg.C warrant further investigation. To aid in this investigation, an
analysis of the effluent from the TGA or DSC should be analyzed with FTIR,
GC or GC/MS.
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The pHs of aqueous extracts of carbon samples N-117, # 9079 and
their respective unweathered carbons are summarized in Table 2. One of the
most interesting pH changes observed is associated with carbon N-117. Note
that the inlet fraction is considerably more acidic (5.0) than the center
and outlet fractions (7.8 and 7.9). This indicates that the center and
outlet portions still resemble unweathered carbons. For the 9000 series,
the inlet portion is similar to the N-117 inlet. However, the pHs of the
center and outlet portions are very different from unweathered carbon.

The interesting questions of how acidic can the pH become and what
causes the change in pH remain unanswered and need to be investigated
further. The addition of organic acids (not found) or atmospheric acids
(i.e.,H2SO4 ) absorbing on/in the water adsorbed on the carbon is a
possibility.

DMMP challenges were used to generate breakthrough curves and monitor
the displacement of species previously adsorbed on the carbons. Since DMMP
is a strong adsorber, it was anticipated that materials that were adsorbed
less strongly could be displaced. As can be seen in figure 4, the inlet
portion has only a hint of material being displaced. The large peak
eluted is the DMMP challenge. The outlet and center portions are similar
with the outlet portion having higher peak intensities. There is a peak
present in the center portion chromatogram which is not present in the
outlet portion. There is also the possibility that there are some peaks
present under the DMMP peak. The second largest single peak has been
preliminarily identified as n-decane. The use of multiple columns or
different polarity columns should lead to the identification of these
unknowns.

DMHP breakthrough curves were also generated for the fractions of
N-117 and # 9079 and their reference carbons N-152 and # 9039 respectively.
Figure 5 compares the breakthrough behavior for # 9039 and the fractions of
# 9079. Note that # 9079 (I) exhibits a DMMP breakthrough time
approximately one-half that of # 9039. The # 9079 (C) and # 9079 (0)
breakthrough times are approximately three quarters that of # 9039 with the
# 9079 (C) time shorter than the # 9070 (0) time.

CONCLUSIONS

A variety of characterization tests; namely, weight loss, pH, thermal
analysis (TGA & DSC), GC, GC/MS, and single vapor challenge, have been
employed to identify and determine the differences that exist among three
fractions of two weathered carbons. It has been shown that a
non-homogeneous distribution of materials is observed on the carbon bed and
that this distribution changes with the weathering time. pH measurements
of the water extracts of the carbons show increased acidity with weathering
and also show variations within the bed. GC and GC/MS analysis of CS2
extracts of the carbons indicate that organic contaminants migrate
non-uniformly within the carbon bed and influence carbon bed adsorption
behavior and residual filter life.
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These results indicate that the carbon bed must be viewed as a dynamic
system. The single vapor challenge has shown that weakly adsorbed
materials can be displaced by strong adsorbers. This has important
implications when considering the use of strong and/or weak adsorbers fir
compromising carbon beds. Characterizing the type, amount and distribution
of the contaminants on weathered carbons is critical in evaluating and
predicting residual filter life, carbon effectiveness and protection
ability.
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ThAtE 1
WEIGHT LOSS/DENSITY

ORIGINAL FINAL WEIGHT LOSS

gm/ee gm/e

NbOC SERIES

INLET .832 .668 19.7

CENTER .822 .63S 22.7

OUTLET .821 .627 23.6

VIRGIN .644 .625 3.0

9000 SERIES

INLET .849 .717 15.6

CENTER .821 .664 19.1

OUTLET .811 .646 20.3

VIRGIN .648 .615 5.1
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TA.BLE 2

pH OF WATER EXTRACTIONS

N 100 SERIES 9000 SERIES

INLET 4.9 4.9

CENTER 7.8 6.6

OUTLET 7.9 6.9

VIRGIN 8.1 7.9

FIGURE 1

CHROMATOGRAMS OF N 117

INLET

CENTER

OUTLET

- -FICRE 2
CHROMATOGRAMS OF 9079

INLET

CENTER

OUTLET
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DYNAMIC ADSORPTION BEHAVIOR OF COLLECTIVE PROTECTION AIR
FILTRATION CARBONS VERSUS A BINARY VAPOR CHALLENGE

Richard A. Matuszko (1), Louis Isaacson (1), and Robert A. Lamontagne (2)

*ABSTRACT

The objective of this continuing study is the determination of the
effects of binary vapor challenges on air purification carbons. The results
reported here are for the vapors n-nonane and dimethyl methylphosphonate
challenging TEDA impregnated carbon. The vapor pair was studied in a test
matrix that included initial single vapor fractional pre-treatment of the
carbon followed by single or binary vapor challenges. The temporal behavior
of the effluent was continuously monitored using gas chromatography. Thus,
breakthrough curves (adsorption/desorption information) were obtained
simultaneously for both components.

The data indicates that the vapors tested compete for the same
adsorption sites on the carbon. In the competition for adsorption sites, the
stronger adsorber displaces the weaker adsorber. In selected cases, this
displacement effect leads to concentrations in the effluent exceeding those
in ts influent (roll-up). The importance and implications of roll-up,
partial bed contamination, and competitive adsorption of dissimilar compounds
will be discussed.

INTRODUCTION

Air purification by vapor adsorption on activated carbon has been
studied for many years. Most of the work, however, has centered around single
component breakthrough studies because of the ease of measuring/determining

vapor concentrations in the bed effluent. The bulk of the multi-component
breakthrough research has been restricted to theoretical work. The actual
laboratory work that has been done on multi-component, dynamic adsorption has
focused on binary adsorption of compounds in a homologous series (Ref. 3,4).
Since these challenge compounds demonstrate similar physical properties (i.e.
polarity, diffusivity, structure, and volatility), it is expected that they
will behave similarly in an adsorptive system.

To better understand competitive, multi-component, physical adsorption
on activated carbon, it is necessary to study compounds that have different

physical properties. If it is determined that two compounds are competing for
the same adsorption sites, then any differences in the compounds' physical
properties, can, if wisely selected, reveal information about adsorption and
the adsorbent. For example, differences in adsorbate structure can be used to
elucidate pore size effects by observing whether the adsorbent's micropore
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structurp does/does not prevent the challenge vapors from reaching the common
adsorption sites and displacing the vapor already adsorbed. In addition,
differences in volatility and/or polarity of the adsorbates can yield insight
into the specific adsorption equilibria associated with the adsorbate
challenge.

Some past work has investigated binary vapor adsorption of dissimilar
compounds on activated carbon in a flow system (Ref. 5-7). The work -eported
here expands on previous studies by examining the adsorption of th,.
dissimilar compounds dimethyl methylphosphonate (DMMP), and n-nonane. DMMP
represents a polar, low volatility molecule with a somewhat spherical shape,
while n-nonane is a non-polar, higher volatility substance with a linear
molecular form. From breakthrough curves generated for challenges of these
two compounds, insight into the adsorption process and the carbon structure| is sought.

EXPERIMENTAL

* A computer controlled vapor mixing system was used to generate
challenges to a carbon bed. The system used is described in reference (8). A
12-30 mesh TEDA impregnated ASC Whetlerized carbon was used for the studies.
To obtain consistent packing of the bed, the carbon was added via a two foot
free fall into a cylindrical glass tube. The glass tube had an inside
diameter of 1.6 cm. The amount of carbon added was standardized at a bed
depth of 5.1 cm which yielded a total bulk volume of 10.2 cc. Prior to use,
the carbon was dried at 150 deg C for 3 hours. The total flow through the
carbon was 2.5 1/min which yields a linear face velocity of 1250 cm/min.

For reference, single vapor challenges for both n-nonane and DMMP were
performed to generate breakthrough/desorption curves and determine
equilibrium capacities. A series of binary challenges were then investigated.
The vapor pair was studied in a test matrix that included initial single
vapor saturation of the carbon followed by single or binary vapor challenges.
In addition, each carbon was 10% and 50Z saturated with nonane and
subsequently challenged by DMMP. Vapor challenges in all cases were generated
at 350 ppm (v/v).

RESULTS AND DISCUSSION

Figures 1-7 show the plits of the effluent concentrations for the
investigated vapor challenges on the TEDA impregnated carbon. Results for a
series of analogous tests on a 12-30 mesh unimpregnated BPL carbon were
reported in reference (9). The plots are labeled so that a '+" indicates that
the two components were combined in the feed, and a /' represents a change
in feed conditions. For example, the figure 4 heading of "n-NONANE/n-
NONANE+DKMP ON TEDA" indicates an experiment where the TEDA carbon isoriginally challenged with nonane followed by a combined nonane and DMMP

challenge.

Baseline data for DM1P and n-nonane were established by challenging the
carbon with 350 ppm(v/v) until saturation of the bed was achieved. Once
equilibrium was established, the challenge vapor was turned off (7 hours for
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the nonane and 12 hours for the DMMP) and the bzd was swept with clean dry
air. The subsequent breakthrough/desorption curves for nonane and DMMP are
figures I and 2, respectively. In both cases, it appears that the clean air
is unable to effectively remove the adsorbate. Indeed, a mass balance shows
that 85% nonane and 79% DMMP of the equilibrium adsorbate mass remains on the
carbon after the clean air sweep.

The first xultipie challenge experiment involved equilibrating the
carbon with a nonane feed for 7 hours followed by a DMMP single challenge for
13 hours. The results, given in figure 3, indicate that the nonane desorption
behavior is different than in the comparable clean air sweep of figure 1. It
would appear that the DMMP is effectively removing the nonane from the
carbon. A mass balance shows that 8Z of the equilibrium nonane mass remains
after 8 hours of DMMP sweeping in comparison to the 85Z remaining mass for
the analogous 8 hour clean air sweep of figure 1. In fact, at the end of the
figure 3 experiment, less than 5Z of the equilibrium mass of nonane remains
adsorbed on the carbon. This nearly complete displacement of the nonane by
DMMP implies that DMMP adsorbs on the same sites as nonane.

Figure 4 gives the results of a second binary challenge experiment where
the carbon was equilibrated with a nonane feed for 7 hours followed by a
combined nonane and DMMP challenge for 13 hours. As in the figure 3
experiment, the DMMP appears to be displacing the nonane from the carbon.
This displacement, coupled with the nonane already present in the feed,
creates a "roll-up" effect where the nonane effluent concentration exceeds
its maximum feed concentration. In effect, the figure 4 system works to
concentrate the nonane vapors in the air stream. A mass balance for the
nonane shows that after 8 hours of combined DMMP and nonane sweep, 31% of the
equilibrium nonane mass remains on the carbon. At the end of 13 hours, the
nonane mass remaining on the carbon has been reduced to 21% of itsequilibrium value.

In another series of experiments, the carbon was partially saturated
with a nonane feed and subsequently challenged by DMMP. Figures 5 and 6 give
the results of a 50% and 10% nonane saturation respectively. In figure 5, the
nonane feed was removed and replaced by a DMKP feed at 2.5 hours. In figure
6, the feed switch was performed at 0.5 hours. In both experiments, a mass
balance shows that less than 15% of the total nonane challenge remained
adsorbed on the cartn by the end of the DMMP sweep.

Figure 7 gives the results of an experiment where the carbon was
subjected to a combined nonane and DMMP feed. As in the figure 4 experiment,
the nonane concentration in the effluent exceeds the feed concentration. The
carbon is once again acting to concentrate the weaker adsorbing vapor in the
effluent. The nonane is able to adsorb on the section of the carbon bed that
the DMMP wave front has not reached. When the DMMP wave approaches, the
nonane is displaced and is forced to readsorb downstream. At the end of the
bed, there is no carbon to readsorb the nonane, so it is eluted. The nonane
therefore travels at the leading edge of the DMMP wave front. This is
evidenced in the two compounds having comparable breakthrough times at low
concentrations.

One of the most interesting aspects of this binary challenge study is
-.the difference observed in D#0P breakthrough behavior as a function of carbon
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I contamination and feed composition. Table I compares DMOI breakthrough times
(i.e. time to reach 15 ppm DNHP in the bed effluent). At equilibrium, DMtP
displaces nonane from the carbon quite effectively. However, during
breakthorugh experiments various rate effects become evident. The decrease in
DMMP breakthrough times noted in Table 1 can be attributed to nonane reducing
the DKMP adsorption rate.I

TABLE I

Comparison Of DMHP Breakthrough Times

I Challenge Breakthrough Time

DMMP 341 MIN
NONANE+DMMP 146 MIN

NONANE/DMMP 169 MIN
NONANE/NONANE+DMMP 104 MIN

CONCLUSIONS

The competitive adsorption between n-nonane and DMMP provides insight
into the entire adsorption process. The displacement of nonane by DMMP
indicates that the DMMP is adsorbed at the same sites where nonane adsorbs.
This implies that the micropores in the carbon do not prohibit the flow of
DMMP to sites available to the nonane.

The breakthrough curves for both components reveal dynamics of the
nonane-DMKP adsorption system. When the challenges are combined, both
components demonstrate similar breakthrough times, indicating that they
travel as a combined concentration wave. Since DMMP displaces nonane, the
nonane travels at the front of the DMMP concentration wave. In selected
cases, the DMMP wave causes the nonane to "roll-up", resulting in effluent
concentrations exceeding those of the feed. Additionally, nonane
contamination of the carbon leads to a decrease in the DMMP adsorption rate
and thus a reduction in the DMMP breakthrough time.
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CHARACTERIZATION OF A WEATHERED CARBON DISPLAYINGj AGGLOMERATION TENDENCIES

Robert A. Lamontagne (1), Richard J. Colton (1), Henry A. Hoff (1), Richard
A. Matuszko (2), Louis Isaacson (2), and Joseph Rossin (3)

ABSTRACT

An air purification carbon weathered in a marine environment for a
period of 21 months has been characterized. This weathered carbon was
divided into four fractions and analyzed for moisture, pH, DMMP capacity,
organic loading and impregnated metal speciation (XPS, EDX, SEM). The
physical and chemical character of the agglomerated portion will be
compared with the character of the other fractions.

j INTRODUCTION

At the present time, activated carbon is the medium of choice for use
in single pass air filtration systems. This carbon can be used in the
natural state or impregnated with a variety of materials to enhance its
filtration efficiency or reactivity. Depending upon the weathering profile
that the carbon experiences, its filtration efficiency will vary...

One environment that is extremely harsh is the marine environment.
The presence of high relative humidities and associated marine atmospheric
products presents unique problems not found in other air filtration
environments and applications. To our knowledge, the effect of high
relative humidities and environmentally produced marine materials on the
impregnated metal species on the carbon has not been documented.

Impregnated carbons are presently being used in the Collective
Protection Systems (CPS) onboard some Naval vessels. In addition to the
marine environment, these carbons experience varied weathering regimesdepending upon the mission of the ship. These in-service air purificationcarbons are routinely analyzed using a suite of analytical methods (4).

Upon retrieval of some of these carbons and subsequent downloading for
analysis, it was noted that the carbon in the inlet portion of the carbon
filter bed nearest to the metal retaining mesh had formed clumps. These
clumps were easily broken with light pressure but still resistent to
breaking with gentle handling. The present procedure for downloading the
carbon filters is to apportion the carbon into three sections perpendicular



to the direction of air flow. These three fractions have been labeled
inlet, center and outlet. In the situation where clumps were noticed, a
fourth fraction was created and labeled "clump".

Upon drying the carbon for moisture content, it was noticed that the
carbons from the filters which exhibited clumping displayed a whitish or
grayish coating on the clumps and on a percentage of the loose carbon
particles. This whitish coating had been observed previously on carbons
which did not show/produce clumps. The percentage of non-clumped carbon
pafeticies which were coated was-very small, usually less than 1% of the
carbon present.

It was decided to view these clumps and some of the individual carbon
particles that exhibited the whitish coating under a low power microscope.
It was clear that some form of crystalline structure was present on the
surface of the cabon particles. A decision was made to examine the carbon
fractions with scanning electron microscopy (SEl), energy dispersive x-ray
spectroscopy (EDX) and x-ray photoelectron spectroscopy (XPS) in addition
to the standard characterization analyses normally performed.

This paper addresses the characterization results of one air
purification carbon that has been weathered in a marine environment. It
should be noted that a number of other carbon filters also show clumps or
exhibit a tendency to produce clumps. This is deduced from carbon
particles which produce a whitish coating upon drying. Isaacson et. al.(5)
in a companion paper in the proceedings, will discuss the changes in metal
impregnation in more detail.

EXPERIMENTAL

The characterization analyses usually performed on the carbon samples
have been reported previously (4), but will be briefly reviewed:

WEIGHT LOSS: Samples are weighed, heated in a box type mutfle furnace for
three hours, cooled in a desiccator and reweighed.

pH MEASUREMENTS: Weighed carbon samples are placed in a known volume of
doubled distilled water and the pH determined with a pencil combination
0-14 pH electrode.

ORGANIC LOADING: The atmospheric organic species adsorbed on the carbon
during service were determined by extracting a weighed sample of carbon in
a measured vloume of carbon disulfide then analyzed using a capillary gas
chromatograph with a flame ionization detector.

DMMP CHALLENGE: Carbon samples are subjected to a DMMP vapor challenge and
the effluent profile analyzed. The complete vapor generation system is
detailed in the report by Matuszko and Little (6).



The surface analyses performed to characterize the surface of the
carbons were:

1) The EDX experiments were performed with a Princeton-Ga-m Tech (PGT)
System 4 Plus windowless detector mounted on a Hitachi S 800 scanning
electron micrograph. The SEN electron accelerating voltage was 10 kV. The
carbon samples were placed on stainless steel mounts for analysis.

2) The XPS experiment was performed with a Surface Science Laboratory SSX
100-03 spectrometer using a monochromatized Al Koh x-ray source (1486.6
eV). The carbon clump was placed onto a piece of indium foil.

RESULTS AND DISCUSSION

The carbon being discussed has been weathered in a ma.ine environment
for a period of 21 months. Table I shows the weight loss for the inlet,
center and outlet portions of the weathered carbon as well as for a
reference carbon. Note that major weight loss occurs in all portions of
the sample, with the center and outlet sections slightly exceeding the
inlet section. This behavior is typical of most weathered carbons we have
examined. The major weight loss is presently attributed to water with a
portion also due to the low molecular weight organics present.

TABLE 1

WEIGHT LOSS

INLET 18 %
CENTER 21 %
OUTLET 23 Z
REFERENCE 3 %

Figure 1 shows the degree of whitish coating appearing on the surface
of the carbon particles in the inlet portion. The outlet portion does not
exhibit carbon particles with the whitish coating. The center portion
contains a few whitish particles which are probably due to contamination
from the inlet portion during downloading from the filter. Other carbon
filter samples in which a very small percentage of coated carbon particles
was evident in inlet fraction after heating did not exhibit any evidence
that there was intermixing between the fractions. This may very well be a
case where the percentage of coated particles is too small to become
identifiable in the center section. In no samples have any coated
particles been found in the outlet portion.

Table 2 gives the results for pH, color of the water solution of the
carbon and the surface area for each fraction of carbon (5). The several
reference carbons (unweathered carbon from the same lots) used in the
filters have pH's in the range 7.9 to 8.1. The reference carbon for this
sample has a pH of 8.1. The clump carbon water extract is much more acidic
than the other fractions. Note the progression from an acidic nature in
the clump to a neutral condition or slightly alkaline condition in the
outlet.



TABLE 2

pH ANALYSIS

SAMPLE pH COLOR AREA (M2/GM)

CLUMP 3.9 BLUE/GREEN 37
INLET 4.7 CLEAR 241
CENTER 6.9 CLEAR 40
OUTLET 7.6 CLEAR 611
REFEREMCE 8 1 YELLOW/GREEN 712

There is also a very dramatic color change for the water solutions of
these carbon extracts. The reference carbon (unweathered) has the
characteristic yellow/green color while the weathered carbons produce a
clear solution which is consistent with the results from other weathered
carbons. It has been found that a weathering time of four to six months
produces a clear solution. Weathering times of less than four months
produce degrees of the yellow/green color. The clump sample produces a
blue/green color. This color is consistent with the preliminary XPS and
EDX analysis.

The surface area results are given as additional evidence that there
are very dramatic differences within the filter bed. The reference carbon
exhibits an acceptable surface area for a TEDA impregnated carbon. The
surface area decreases as the bed is traversed fom the outlet to the inlet.
There is approximately a 75 % decrease in the surface area between the
inlet and outlet. The clump somple represents a special case. It can be
stated that this porion of the filter has little or no filtration capacity
with a surface area of only 37 square meters per gram.

Figure 2 presents thes-gp chromatographic results from the organic
loading analysis. The adsorbed species can normally be classified into
four major chemical classes; namely, aliphatic hydrocarbons, aromatic
hydrocarbons, halogenated alkanes/alkenes and substituted
cyclohexanes/cyclohexenes. Previously published results (4) for other
carbon samples show the same type of hydrocarbon distribution with the
higher boiling materials located on the inlet portion of the bed such as
aliphatic C10 to C16 hydrocarbons, and substituted aromatics. The outlet
sample contains the more volatile materials such as toluene, xylene,
chlorinated alkanes and some aliphatic (C9-CII) hydrocarbons. The center
fraction represents a transition between the inlet and outlet in regard to
the type of organic loadings identified.

Figure 3 compares the chromatogram of the inlet sample with the clump
sample. There is a distinct difference in the hydrocarbon distributions on
the two samples. The clump sample has predominately higher boiling
compounds with much greater intensities than the inlet sample. The clump
sample also exhibits a step series of hydrocarbon peaks starting with C10
and progressing to C16 (n-hexadecane). The inlet sample has Cli and C12 as
its two most intense peaks. This distribution of hydrocarbons gives some
indication of the types of changes that have taken place on the surface of



the carbon. The more volatile species (xylene, toluene, nonane) are not
able to adsorb on to the inlet carbon surface because of the high boilers
strongly adsorbed onto this portion of the carbon filter. This analysis is
consistent with the smaller weight loss in the inlet portion with the
assumption that those portions of the bed having a higher loading of
adsorbed hydrocarbons should have less capacity to adsorb water vapor.

DMMP challenges are used to generate the breakthrough-eurves of figure
4. The reference carbon exhibits a breakthrough time of approximatrly 8
hours for the DMMP challenge used. The-4u-t .samplehas a much reduced
capacity for DMMP as evident in the breakthrough time of approximately 3
hours. This is consistent with the organic loading results which indicate
a high level of high boiling, strongly adsorbed organic materials on the
carbon. The center and outlet samples have intermediate times consistent
with the characterization results obtained. The center breakthrough time
occurs slightly earlier than the outlet one.

Upon observing the clump samples under a low power microscope, small
cyrstals were observed on the surface. These crystals appeared to
dehydrate under the optic light of the microscope in about two hours and
produced the whitish coating observed when the samples were dried in the
oven. Preliminary XPS analysis indicated that the crystals on the surface
were copper sulfate with five waters of hydration (Fig.5). SEM photographs
coupled with (EDX) analysis are consistent with the presence of copper
sulfate on the surface. The preliminary EDX analysis indicates that most
of the surface of the carbon in the clump sample is covered with copper
sulfate. No copper sulfate was found in the other portions of the bed. As
expected, individual carbon particles with the whitish coating also had
copper sulfate present on the surface.

The XPS and EDX analysis presents clear evidence that copper sulfate
is present on the surface of the carbon in the clump samples. This is
consistent when the clump samples are placed in water since the
chareete-istic blue/green color of copper sulfate is observed. Surface
area analysis indicates that there is minimum surfaie area available for
adsorption to take place. The gas chromatograph results indicate a
variable, but predictable organic distribution adsorbed onto the surface of
the carbon. The organic species identified on the clumps and inlet
portions represnt high boiling, strongly adsorbing hydrocarbons. The clump
sample is different from the rest of the carbon in the bed. Weight loss
and DMHP challenge have not been performed on the clumps because of the
difficulty in obtaining a large enough quantity to perform the analysis.
However, we believe that the results from these analyses would support the
general consensus that the clump samples and those carbon samples that
exhibit a whitish coating upon drying would be uniquely different from the
bulk carbon.

How copper sulfate is produced on the surface of the carbon is
speculative at the present time. Exposure to a marine environment with
high relative humidities must be taken into consideration as well as the
presence of acid rain as a source of sulfate for the clumping phenomena.
Remote marine aerosol particles consist primarily of sulfates and sea salts
(7). It is generally assumed that the sub-micron fraction of the sulfate
particles are formed in a gas-to-particle conversion process by oxidation



of marine sulfur dioxide (8). There is sulfur present in the carbon, but
the amount present is insufficient to produce the amount of copper sulfate
present on the surface. The mechanism(s) which produce copper sulfate on
the surface of the carbon is being investigated.

CONCLUSIONS

The results of the analyses for this 'arbon show: 1) copper sulfate is
formed on the clump and inlet portion of the bed with subsequent loss ot
adsorption capacity and reactivity; 2) higher boiling, strongly adsorbing
hydrocarbons keep water from adsirbing in the inlet region of the bed; 3)
organic contaminants migrate non-uniformly within the carbon bed; 4) pH
measurements show the inlet portion of the bed to be acidic while the
outlet portion is in the neutral range.

The differences documented for the various fractions of the bed
indicate that these changes can have a profound effect on the filter bed.
The cumulative results effectively decrease the bed depth and overall
efficiency of the filter. Characterizing the type, amount and distribution
of .he contaminants on weathered carbons is critical in evaluating and
predicting residual filter life, carbon effectiveness and protection
ability.
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ABSTRACT

Single component Isotherms are measured for n-nonane and xylene on BPL
carbon using an automated, static adsorption apparatus. The isotherm data
are correlated using a modified Antoine equation. A Binary adsorption
isotherm relationship is produced from the single component correlations
using the Ideal Adsorbed Solution Theory (IAST). Breakthrough curves are
measured for single vapor and selected binary mixture feeds. A computer
stage model, integrating the correlated single isotherms and IAST binary
isotherm, is used to predict both the single and binary component
breakthrough curves. The model predictions are compared vith the measured
breakthrough data.

Single component breakthrough data show that xylene breaks through
later than nonane under identical test conditions. However, measured binary
breakthrough data with equimolar feeds show a roll-up of xylene. The stage
model predicts this xylene roll-up. The phenomenon of roll-up and the
concept of selectivity reversal for a binary system is investigated.

H INTRODUCTION

For many years, researchers have sought to unlock the secrets of
multi-component equilibria. Because of the difficulties involved with
measuzing multi-component data, research has centered on creating adequate

predictive models using information obtained from single component data.
Langmuir's extended isotherm3 was the first of the multi-component,
predictive isotherm models. It suffered, however, from its very limited
applicability due to its poor fit of even the single component data.

I In 1965, Myers and PrausnitZ 4 developed the Ideal Adsorbed Solution
Theory (IAST) which allowed the use of any single component isotherm
equation to predict multi-component isotherms. In 1980, Suwanayuen and
Danner5 introduced the Vacancy Solution Theory (VST) which correlated single
component data into their single component isotherm model and extended it to
a multi-component isotherm. Both theories were effective in predicting
isotherms for selected multi-component systems, but began to lose appeal
when their limitations were investigated. The VST was not thermodynamically
consistent, and forced the user to use a specific single component isothermI

I
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model. The IAST was thermodynamically consistent and allowed any single
component isotherm equation to be used, but suffered from its inability to
predict systems where the adsorbed phase was non-ideal.

I- To address the imperfections of the IAST, modifications were performed
using binary data to calculate mixing parameters such as activity
coefficients. Although these modifications improved the accuracy of the
multi-component isotherm fits, and have great utility in many applications,
they stray from the original purpose of the predictive model. The IAST was
originally proposed to avoid the tedious task of measuring multi-component
data and provide an adequate engineering approximation of the multi-
component adsorption isotherm.

Some attempts to modify IAST have, in fact, led to erroneous
applications of mixing parameters. Assumptions that non-idealities ofmixing are the answer to imperfect multi-component fits of the IAST have led
to the incorrect calculation of activity coefficients. Myers6 shows that
failure of the IAST to accurately predict multi-component isotherms in anumber of systems is not due to non-unity activity coefficients, but due tothe inadequacy of the single component isotherm model employed.

It has been further claimed that IAST does not, and in fact can not,
predict irregular isotherm behavior such as the formation of azeotropes.
Hyun and Danner 7 and Coroyannakisa each state that IAST can not predict an
adsorption azeotrope and selectivity reversal. Myers, with his HeterogenousIAST9, shows that a selectivity reversal can be predicted with the IAST ifthe correct single component isotherm model is employed.

This paper proposes that using the modified Antoine equation first
proposed by Hacskaylo and LeVan10 to correlate single component isotherm
data, IAST can and will predict a selectivity reversal for a binary system.
The adsorbate pair of xylene and n-nonane on BPL carbon is investigated andshown to yield a selectivity reversal. IAST is applied and yields aqualitative prediction of the selectivity reversal.

THEORY

First, isotherm data are correlated using a modified Antoine equation
first proposed by Hacskaylo and LeVanl ° . The equation has the form:

BL + bi(l - e9)
ln(P.) - Ai + ln(e1 ) - (1)

C1 + T
The Antoine coefficients are readily found in the literature. The
parameters b and the normalizing factor for ej (n0,j) are fit using a Newton-
Raphson routine to minimize the function:

Error - z (I ln(Pcalcultd) - In(P,. n, )[ ) (2)

Binary isotherms are generated using the Ideal Adsorbed Solution
Theory (lAST) with the LeVan isotherm equations for each component. It
should be noted that the IAST can be readily extended to more than two
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components. However, for this paper, we are confining the analysis to two
components. Details of the IAST are given in reference 4.

The LeVan isotherm is particularly well suited for adaptation into the
IAST because it reduces to Henry's law at low coverage. In addition, for
computer programs that use values of ni to calculate values of Pi, the IAST-
LeVan isotherm system reduces to easily calculable explicit functions. The
IAST spreading pressure integral,

no i dlnP
fi(T) - . ... dn (3)

when combined with equation (1), reduces to the form:

I bin*i
f i (w) - ni + (4)f2no,i(C

i + T)

The spreading pressure functions of equation (4) are then set equal for each
component yielding:

_no, - -- --- - n*2 -+ - -- - - (5)
2n0,1(Cl + T) 2n 0,(C 2 + T)

Equation (5) is solved simultaneously with the IAST requirement that there
is no change in the area/molecule on mixing:

1 x1  x2------ -+- --- (6)
nj + n2  no1  n"2

to yield explicit solutions for no, and n*2 as functions ot nj and n,.
Corresponding values of P*1 and P*2 are readily obtained using equation (1)
substituting n", and n*2 for ni for each single component isotherm.
Finally, using the IAST vapor phase - adsorbed phase equilibrium expression:

Pi xiP'i (7)

the vapor phase concentrations P1 and P2 are obtained.

Breakthrough curve predictions are generated using a stage model

similar to that employed by Friday and LeVan 1 . It is assumed that the
system is isothermal with no axial dispersion and negligible vapor phase
accumulation. An external film resistance is employed using a linear
driving force approximation.

SELECTIVITY REVERSAL

The spreading pressure integral in equation (3) is equivalent to the
area under an isotherm curve from 0 to Pi plotted as n vs inP as shown in
Figure 1. An equilibrium requirement of the IAST is that the spreading
pressures, and thus the areas under the isotherm curves bounded by 0 and
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PX, be equal. Since the isotherm equations are fixed for each system,
areas under the curves are varied by selecting values of P't such that the
spreading pressure integrals for each component are equal.

I In certain binary adsorption systems, the Henry's law slope for
component 1 is greater than that of component 2 while the molar saturation
capacity, n0,t, is greater for component 2 than for component 1. In these
situations, the single component isotherms cross. In selected cases, to
achieve equal areas under the n vs ln(P) curve as required by the IAST, the
relative values of P*1 and P* 2 must reverse. Myers and Prausnitz define a
selectivity, S1,2 :

xi/Yi Pe 2

S1 ------ (8)

x2/Y2  P" 1
From this definition, it follows that a reversal in the relative magnitudes
of P', and P*2 results in a reversal of the selectivity s1,2 (i.e. s1.2 > 1
to S1.2 < 1).

EXPERIMENTAL

The adsorbent used for these experiments was a 12-30 mesh BPL carbon
obtained from Calgon corp. The carbon was prepared prior to use by heating
in a drying oven for 3 hours at 150 degrees C. The adsorbates selected for
the experiments were n-nonane (Phillips 66, 99Z purity) and a xylene mixture
containing meta, para, and ortho isomers (Fisher Scientific, A.C.S.certified grade). These adsorbates were used without further purification.

DATA COLLECTION

The experimental apparatus for collecting isotherm data consisted of a
Cahn micro-balance integrated with a vacuum pump and a computerized data
acquisition and control system. Details of the system and operating
procedure can be found in reference 12.

A computer controlled system was employed to generate and test vapor
challenges to a fixed bed of the BPL adsorbent. The amount of carbon addedwas standardized at a bed depth of 1 cm. Details of the system and
operating procedure can be found in reference 13.

RESULTS AND DISCUSSION

A prediction of the isotherm behavior for the xylene/nonane system was
generated using the IAST-LeVan binary isotherm model. Figure 2 is a plot ofthe prediction which shows that the IAST predicts a selectivity reversal for
the binary pair. The line in Figure 6 represents the concentrations of
xylene and nonane where the selectivity is one. According to this
prediction, if a breakthrough experiment was performed using feed
concentrations on the left side of the unity selectivity line, xylene should
roll-up. If, however, the feed concentrations were to the right of the
unity selectivity line, nonane should roll-up.
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In an attempt to confirm the predicted selectivity reversal,

breakthrough experiments were run using feed conditions on either side of
the line of equal selectivity. Figure 3 gives the results of the first of
the binary challenge experiments. The stage model prediction using the IAST
is also shown on the plot. Xylene and nonane at 200 ppm each were fed
simultaneously to a clean bed of BPL carbon. According to the lAST isotherm
prediction, the data should exhibit a roll-up of xylene. It can be seen
that both the data and the stage model show a roll-up of xylene. Important
features such as time of initial breakthrough of the toe of each wave as
well as the qualitative features of the roll-up phenomenon are predicted by
the stage model.

Breakthrough experiments were then run with very high feed
concentrations to confirm that a selectivity reversal would indeed occur.
Figure 4 gives the results of a breakthrough experiment with an equimolar
feed of xylene and nonane of 3000 ppm. As the lAST isotherm predicts, the
selectivity has reversed and the nonane is rolled-up by the xylene.

The failure of the IAST-LeVan isotherm to predict exact breakthrough
behavior of a binary pair that demonstrates the non-idealities found in the
nonane/xylene system does not in any way reflect poorly on the theory as a
whole. Considering that the isotherm prediction uses no fitted binary
parameters, is considered ideal, and uses no low coverage isotherm data, the
ability to qualitatively predict binary breakthrough behavior when combined
with the stage model is quite remarkable.

CONCLUSIONS

1. The IAST can predict selectivity reversals if the proper single
component isotherm model is used.

2. For a selectivity reversal to occur in the IAST, the single
component isotherms must cross in a plot of moles/mass carbon versus partial
pressure.

3. Engineering predictions of binary component breakthrough behavior
can be performed using single component isotherm data.

NOTATION

ABi, Ct - Appropriate Antoine coefficients for component i
bi - LeVan equation fitting parameter for component i
f1 (1) - spreading pressure function for component i
ni  - number of moles of component i in adsorbed phase per unit

mass of adsorbent in equilibrium with Pi
no.1 - saturation capacity of adsorbent for component i per unit

mass of adsorbent
n i  - number of moles of component i in adsorbed phase per unit

mass of adsorbent in equilibrium with P'j
Pi - partial pressure of component i
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I P- pressure of pure component i corresponding to spreading

pressure w in equilibrium with n1i
s1.2 - selectivity coefficient for component 1 relative to

component 2
xI  - mole fraction of component i in adsorbed phase
Yi - mole fraction of component i in gas phase
I - spreading pressure
eI - n1/n0,i - fractional surface coverage
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I Environmental Weathering of a Radial Flow Carbon Filter
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Carbon samples from different locations within a radial flow filterexposed to a marine air stream for 21 months were analyzed using surface analysismethods. The effects of weathering resulted in the migration of the irpregnants to
the external surface of the granule and the formation of metal sulfates. Theweathering effects were found to be most severe at the inlet region of the filter.
Results pertaining to the chemical and physical changes of the impregnants will be
discussed as a function of bed depth.

I INTRODUCTION

1 Activated carbon provides protection against chemical agents by eitheradsorption of the agent within the micropores and/or chemical reaction with the
copper/chromium/silver impregnants. The carbon filter employed on the modem
day gas mask is sealed under vacuum and removed/installed only in the event of achemical threat. In this manner, the filter is not exposed to the environment priorto the threat and los of performance due to atmospheric weathering need not be
taken into consideration. Unlike the gas mask filter, the filter employed forcollective protection applications (e.g. fixed installations, armored vehicles, navalvessels, etc.) may be required to function continuously, whether or not a chemical
threat exists. This results in the collective protection filter being continuouslysubjected to environmental contaminants which may reduce the filter performance
against a chemical attack.

The objective of this study is to determine in detail the effects ofenvironmental weathering on collective protection carbon filters. This work focuses
on the change. in metal speciation and distribution within carbon granules removedfrom various locations within a radial flow carbon filter following 21 months ofweathering in a marine environment. This study is part of an ongoing effort at
CRDEC and NRL.

I EXPERIMENTAL METHODS

Materia. ASC Whetlerite (Lot # 103) was obtained from CalgonCorporation as 12-30 mesh (U.S. Standard Sieve) granules. This sample contained
8% copper, 3% chromium, 0.0S% silver and 2% tetraethylenediamine (TEDA) by
weight- This sample will be referred to as ASC-TEDA.
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Weathering of ASC-TEDA carbon. The weathered samples of ASC-TEDA

carbon were obtained from a radial flow filter which had been exposed to a marine
environment in an operational collective protection system. The collective3protection filter is shown in Figure 1. This carbon filter was exposed to normal
operating conditions representative of the sea going vessel.

Following weathering, carbon was removed from the radial flow filter and
separated into four sections perpendicular to the direction of air flow. The four
sections consisted of the inlet most portion of the filter (referred to as INLET
throughout the text); a mixture of carbon from the filter inlet to a point extending
one-third of the way into the bed (INLET !/3); a mixture of carbon from a point
one-third of the way into the bed to a point extending two-thirds of the way into
the bed (CENTER 1/3); and a mixture of carbon from a point two-thirds of theway into the bed extending to the filter outlet (OUTLET 1/3). Samples removed
from the inlet most region of the filter were clumped together, while samplesSremoved from the other portions of the bed displayed no evidence of clumping.

Equipment. X-ray Photoelectron Spectroscopy (XPS) spectra were recorded
using a Perkin-Elmer Phi 570 ESCA/SAM system employing MgK-a X-rays.
Samples were analyzed for carbon, oxygen, copper, chromium and sulfur. No silver
could be detected, likely due to the low quantity (0.05 wt%) associated with the
sample. All binding energies reported are referenced to the carbon Is photoelectron
peak at 284.6 eV. The fraction of chromium(VI) was determined by subtracting the
spectrum of chromate from that of the carbon granule1 . Atomic ratios pertaining toelements of interest were determined by correcting peak areas using instrument
supplied sensitivity factors.

Energy Dispersive X-ray Spectroscopy (EDS) was performed using a Tracor
Northern 5700 EDS/WDS automation system interfaced with a JEOL 35CFscanning electron microscope. Cross sectional analysis was performed on single
carbon granules bisected with a diamond knife. Analyses of the bisected carbon
granules were performed by collecting spectra from a 10014m by 100pm square area
stepped across the largest sample diameter.

Cyanogen Chloride Reactitity. The reactive properties of the unweathered
and weathered samples of ASC-TEDA were determined by a cyanogen chloride
(CK) breakthrough test. Approximately 18 g of carbon were placed into a glassI bed and equilibrated with 80 % RH air at 80 "F overnight. The CK test wasperformed at 80 %RH, 80 * F with a CK feed concentration of 4 mg/I air and a
linear bed velocity of 9.6 cm/s. The breakthrough time is defined as the time the
effluent CK concentration exceeds 8psg/l.

Surface Area Determination. The surface areas of the unweathered andweathered samples of ASC-TEDA were determined using a Quantasorb SurfaceArea Analyzer. This instrument provides nitrogen BET surface areas using the

desorption behavior of nitrogen from the carbon samples.
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RESULTS

XPS analyses of the carbon samples are reported in Figures 2 and 3. Inaddition to carbon, copper, chromium and oxygen (as detected on the unweathered

sample), a significant fraction of sulfur was detected on the samples from the filter
INLET and INLET 1/3. Surprising, no sodium was detected, as one might expect
due to the salt water environment. No silver was detected on either the
unweathered or weathered sample, likely because the concentration of silver (about
0.05%) is below the detection limit of the instrument. Figure 2 compares the XPS
Sspctra of the copper 2p photoelectron region of the weathered carbon granules
from the different filter locations. The position of the copper 2ps3/ photoelectron
peak correspond to the unweathered sample is indicative Of copper in the +2
oxidation state1  . Figure 2 shows the position of the copper 2p peak to be shifted
to a higher binding energy for carbons from the INLET and INLET 1/3 region of
the filter relative to that of the unweathered sample. These peaks also appearbroader than the peak corresponding to the unweathered sample. Note also the

changes in the satellite shake-up region (about 939 to 947 eV) of the spectrum
corresponding to the INLET sample. Spectra corresponding to the CENTER 1/3
and OUTLET 1/3 samples appear identical with that of the unweathered sample.
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i Figure 2. XPS Spectra of the Copper 2p Photoelectron Region for Fresh and

Weathered Carbon Samples.

I Figure 3. XPS Spectra of the Chromium 21p Photoelectron Region for Fresh and

Weathered Carbon Samples. All samples analyzed as a powder.

I

Figure 3 compares the XPS spectra of the chromium 2p photoelectron
l region of the weathered carbon granules from the different filter locations, The

spectrum correspondng to the unweathered carbon sample is shown for comparison.
The position of the chromium 2pM photoelectron peak corresponding to the

l unweathered sample is 578.5 eV, gaicative of chromium in the +6 oxidation
state2 3 . The shoulder, present at about 576.5eV, is due to the presence of

chromium(Ml) species. For the unweathered carbon sample, approximately 60% of
I the chromium associated with the sample was determined to be in the +6 oxidation

state. The spectrum corresponding to the INLET carbon exhibits a 2p 32peak
approximately 1.0 eV lower than that of the unweathered sample. Note also that

I the signal 578.5 eV is very weak, indicating that virtually no chromium is present in

the +6 oxidation state. Moving further into the filter (INLET 1/3), the chromium

2P32 peak remains at a lower binding energy, but is much broader than that
i corresponding to the INLET sample. Moving still further into the filter (CENTER

1/3), the chromium 2p,,, peak exhibits a strong shoulder at about 578.5 eV,

I
II

I
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I suggesting that a signifcant fraction of chromium(VI) is associated with this

sample. The spectra from the CENTER 1/3 and OUTLET 1/3 are nearly identical.
Approximately 40% of the chromium associated with each of these samples was
determined to be in the +6 oxidation state.

Figure 4 shows a backscattered electron image (BEI) of a representative
INLET carbon granule. The BEI is similar to an SEM; however, the BEI highlights
high concentrations of metallic elements. Note from the figure that large regions of
the weathered granule appear covered with an amorphous overlayer. EDS
microbeam analysis of the amorphtas overlayer revealed it to consist primarily of
copper and sulfur; only a trace amount (<5%) of chromium was present.I

I

I
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Figure 4. Bw.wcattered Electron W (BEI) of an ASC-TEDA Carbon Granule

from the Filter Inlet following Weathering.

The surface area and CK breakthrough time of the unweathered and
weathered samples are reported in Table 1. No CK data regarding the INLET
sample was recorded, as there was not enough sample from the inlet most region of
the carbon bed to perform the CK test.

I
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DISCUSSION

The changes which have occurred in the carbon granules as a result of

atmospheric weathering were found to be a function of location within the filter.

Samples removed from the inlet region of the filter were much more severely

affected by weathering than samples located further into the bed, similar to the

observations of Deitz et al.4 . Apparently, the inlet region of the filter rather

effectively removes the airborne contaminants, preventing them from interacting

with carbon further into the filter.

Table 1: Surface Area and CK Breakthrough Time for

ASC-TEDA Samples From Different Filter Locations.

Sample Surface Area CK Breakthrough

(M2/g) Time (min)

INLET 37

INLET 1/3 241 < 5.0

CENTER 1/3 497 24.2

OUTLET 1/3 611 24.6

Unweathered 712 37.8

Freshly prepared ASC Whetlerite is believed to contain copper-ammonium-
chromium complexes5 . These complexes possem chromium in the +6 oxidation
state and are postulated to be responsible for the destruction of light gases; namely
cyanogen chloride and hydrogen cyanide ''. Changes in the impregnant speciationare expected to reduce the reactive properties of the carbon. It is evident from the

data presented in Figures 2 and 3 that large scale changes in the copper and
chromium speciation have occurred as a result of the marine weathering for samples
located at the inlet region of the filter. The impregnants associated with carbon

from the inlet regions of the filter have been transformed into metal sulfates as a
result of weathering, based on the XPS analyses. Past the inlet third of the filter,
virtually no sulfur was detected, suggesting that the airborne sulfates have been
removed at the filter inlet. It was also evident that the impregnants associated with
the inlet carbons have migrated from within the granule to the external surface (see
Figure 4). EDS analysis of the bisected granule from the filter inlet revealed that

virtually no impregnants were present within the granule.
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EDS analyses of the CENTER 1/3 and OUTLET 1/3 samples indicated
that metal migration did not occur to a significant extent. This suggested that
leaching of metals was a result of sulfate formation and therefore confined to only

the filter inlet. No change in the copper speciation was detected for samples located
at the CENTER 1/3 and OUTLET 1/3 of the filter. However, a reduction of
chromium(VI) to chromium(III) is evident. Quantitative XPS analysis of these
samples indicates a decrease in the fraction of chromium(VI) from 60% to 40%,
compared to the unweathered sample. The decrease in the fraction of
chromium(VI) was expected to reduce the CK breakthrough time, as the

chromium(VI) fraction has been linked to CK destruction.

Cyanogen chloride breakthrough times for the weathered carbon samples
were recorded in an effort to determine the reactive properties of the weathered

carbon from the different bed locations. These data are reported in Table 1. The
INLET 1/3 sample possessed a small fraction of chromium in the +6 oxidation
state. The cyanogen chloride breakthrough time indicated that carbon from this
region of the filter provided virtually no protection against light gases. The
breakthrough time for carbon located at the center and outlet of the filter were

identical. Note that both samples possess approximately 40% of the chromium in
the +6 oxidation state. Breakthrough times for both these samples, however, were
about 35% less than that of the unweathered sample. It is interesting to note that
the decrease in the chromium(VI) fraction (about one-third) corresponds to a
proportional decrease in the CK breakthrough time. This is consistent with recent
studies which have linked CK reactivity to the chromium(Vi) content of the carbon
sample2,7

CONCLUSIONS

1) The inlet portion of the filter was severely affected by weathering.

2) Weathering resulted in the formation of metal sulfates at the
filter inlet. These sulfates leached impregnants to the
external surface of the granule. No sulfates were detected
past the inlet third of the filter.

3) Past the inlet third of the filter, approximately one-third of
the chromium(VI) fraction had been reduced to chromium(III)
species.

4) Weathering reduced the effectiveness of the filter against
removal of light gases by approximately 50%.

Acknowledgements: One of us (J.A.R.) wishes to thank the National Research
Council for financial support on this project. R.A.L and L.I. thank NAVSEA for
financial support. The authors wish to thank J. Rehrmann for providing the surface
area measurements and R. Grue for providing the CK data.

I



I
I

LITERATURE CITED

1) Rossin, J. A., "XPS Surface Studies of Activated Carbon,' CarbonI Vol. 27, p.611 (1989).

2) Ross, M. M., Colton, M. M. and Deitz, V. R., 'The Study of WhetleriteI Surfaces by X-ray Photoelectron Spectroscopy," Carbon Vol. 27,
p. 426 (1989).

3) Hammarstrom, J. L. and Sacco, A., 'Investigation of Deactivation
Mechanisms of ASC Whetlerite Charcoal," J. Catal. Vol. 112,
p. 267 (1988).

4) Deitz, V. R., Puhala, R. J., Stroup, D. B. and Dickey, G. F.,
"Influence of Atmospheric Weathering on the Performance of
Whetlerite, Naval Research Laboratory Memo. Report No. 4752,
Washington, D.C. (1982).

5) Pytlewski, L. L., "Stt'dir of ASC Whetlerite Reactit;t,
Report ARCSL-CR-79008, U.S. Army Chemical Systems Laboratory,
Aberdeen Proving Ground, Maryland, Nov. 1979, UNCLASSIFIED Report.

6) Krishnan, P. N., Katz, S. A., Birenzvige, A. and Salem, H., 'The
Role of Chromium in ASC Whetlerite," Carbon Vol. 26,I p.914 (1988).

I
I
1

Im • • • ••


